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INTRODUCTION. 


During the summer of 1915 the writer examined some of the 
silver-lead deposits of the Slocan mining district and obtained 
some interesting data concerning the textural characteristics of 
the gneissic or banded galena ores. Considerable attention was 
paid to the relation of the texture to the major structural fea- 
tures of the veins, and a brief description of this relation is the 
purpose of this paper. 

The district is located in southeastern British Columbia within 
the heart of the Selkirk mountains, and lies between Kootenay 
Lake on the east and the Slocan and Arrow lakes on the west. 
The chief mining ceaters of the district are Nelson, Kaslo, San- 
don, Silverton, and New Denver.’ 


GENERAL GEOLOGY.? 


The area is underlain by a thick series of interbedded slates, 
mica schists, quartzites, graywackes, and finely crystalline lime- 
stones ‘known as the Slocan series), which are probably the 


1 Map No. 1667, Geol. Surv. Can. 


20. E. LeRoy, Geol. Surv. Canada, Summary Reports, 1909, p. 131; 1910, 
p. 123. 
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northward extension of the pre-Cambrian Belt®* series of north- 
ern Idaho and Montana. These rocks strike about N. 30° W. 
Within the Slocan district they are intensely folded, and there are 
all variations in dip. The Slocan series is intruded by the Nel- 
son batholith, which is typically a granodiorite of coarsely por- 
phyritic texture. 

ORE BODIES. 


The ore bodies are fissure veins and replacements in the Slocan 
series and in the Nelson granodiorite, and are usually located 
within three or four miles of the contact. Three chief types of 
deposits are found: 

1. The deposits in the Nelson granodiorite consist chiefly of 
narrow fissure veins, with fairly well-marked boundaries. The 
ore minerals are argentiferous galena, argentiferous tetrahedrite 
(freibergite), sphalerite, native silver, ruby silver, chalcopyrite, 
and pyrite. The gangue is mostly quartz associated with small 
amounts of calcite and siderite. These constitute the so-called 
“dry veins,’ and the silver content of the ore is usually very 
high, several hundred ounces to the ton being not uncommon. 
On accouni of the narrowness of these veins, howéver, they are 
not very productive. 

2. In the calcareous layers ofthe Slocan slate series a few 
fairly large bodies of zinc ore have been found, which appar- 
ently owe their origin to metasomatic replacements of the lime- 
stone. With the zinc blende is usually associated pyrite, galena, 
pyrrhotite, quartz, and siderite. These deposits are usually 
quite low in silver values, and are not very productive. 

3. The most important deposits of the district consist of fis- 
sure veins cutting the Slocan slates. These are principally fis- 
sure fillings with moderate amounts of metasomatic replacement. 
In this group ‘the gneissic galena ore occurs, which is the chief 
source of interest in this paper. 

These lodes, which vary in thickness from a few inches to 
about forty feet, are mineralized zones, rather than well-defined 
veins. The strike varies from east-west in the eastern part of 

“aS. J. Schofield, Trans. Can. Min. Inst., Vol. 18, 1915, p. 206. 
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the district to northeast-southwest in the northwestern part. 
The location of these zones suggests that they may be continua- 
tions into the intruded rocks of the fissure systems of the dry or 
siliceous silver-lead veins of the Nelson granodiorite. The 
variations in the strike of the various lodes suggest that the frac- 
tures in which they occur are radially arranged with respect to 
the center of the granodiorite. Rarely are the lodes vertical; in 
general they dip rather steeply, most of them to the southeast. 

The chief ore minerals are galena, tetrahedrite, and sphalerite, 
all of which are argentiferous, but not as highly so as the corre- 
sponding minerals of the dry veins. On the average the ores 
contain between sixty and eighty ounces of silver to the ton of 
concentrates (50-70% Pb). Pyrite and chalcopyrite also occur, 
but pyrrhotite is rare. The characteristic gangue mineral is 
siderite, or “spathic iron,” of a cream-yellow color; minor 
gangue minerals are quartz and calcite, while horses of schist 
and slate are common within the lodes. 

There is considerable evidence that at depth galena gives place 
to sphalerite and pyrrhotite; it is possible also that the upper 
eroded parts of the sphalerite lodes were richer in galena than 
the portions now exposed. The increase of sphalerite and pyr- 
rhotite in depth may depend on the proximity of the intrusive 
granodiorite, as is presumably the case in the Coeur d’Alenes.* 
Generally in these lodes, the ratio of sulphides to the vein gangue 
is very much greater than in the dry ores which are typically min- 
eralized quartz veins. 


OCCURRENCE OF THE GNEISSIC GALENA ORE, 


Gneissic, or banded, galena ore is the characteristic lead ore 
of the district. All of the galena of the mines is, however, not 
of banded texture. There appears to be a considerable differ- 
ence in vein structure between the deposits which show an abun- 
dance of gneissic galena ore and those which show the massive 
or granitoid type. A genetic relation is believed to exist be- 
tween the vein structure and the texture of the galena ore. 

3U. S. Geol. Survey Prof. Paper 62, pp. 92, 130. 
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At the Standard Silver-Lead mine, near Silverton, galena is 
especially abundant in the banded form. Here the ore zone 
strikes in an approximate northeast-southwest direction, and has 
been developed by about 16,000 feet of drifts throughout a ver- 
tical distance of about 1,200 feet (Sept., 1915). The walls of 
the lode are usually well-marked, are very smooth and highly 
slickensided, and give evidence of considerable differential move- 
ment. The ore minerals occur in lenticular masses varying in 
extent, and as much as twenty-five feet thick. These lenses are 
spaced at irregular intervals within the lode, and characteristically 
extend from wall to wall, arranged en échelon (Fig. 31). At 
some places two or more lenses are connected by ore, usually 
along the hanging-wall. 

Individual lenses are in places so large that they are opened 
up on two or more levels, and they may extend laterally for dis- 
tances up to 250 feet. The spaces between the individual lenses 
or shoots are filled with argillaceous material, which contains 
small stringers and irregular bunches of ore and gangue minerals. 

The en échelon vein structure may be seen in a great many of 
the mines, but only where the ore lenses are large and thick can 
any definite relation between the position of the lenses and the 
walls of the ore zone be worked out. Where the ore zone is 
narrow (up to two or three feet), it is customary to find stringers 
of ore containing banded galena distributed irregularly through 
the soft clayey gouge which fills the space between the slicken- 
sided walls. This clayey gouge is locally called the vein, whether 
or not it contains bodies of ore. 


STRUCTURE OF THE LENSES OF BANDED GALENA. 


The lenses or shoots are made up entirely of vein material, 
both oreand gangue. They consist predominantly of argentifer- 
ous galena, with irregular-shaped grains and bunches of sphal- 
erite, tetrahedrite, chalcopyrite, pyrite, siderite, and quartz 
distributed throughout their mass. They are very distinctly 
banded in most cases. Where they are over a foot or so in 
thickness, and where the lenticular shape is pronounced, this 
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banding is well marked, and in all cases follows rather faithfully 
the outlines of the sulphide mass (Fig. 31). This banding is not 
due to the juxtaposition of layers of different mineral composi- 
tion, or to the distribution of the various minerals in well-defined 
horizons through the galena. It is entirely a matter of the struc- 
ture of the galena. The banded arrangement may be emphasized 
by a parallel development of the other minerals within certain 
layers, but this is an incidental rather than an essential feature. 

The banding is not true crustification. Lenticular-shaped 
cavities with their longer axes parallel to the banding of the sul- 
phide mass, which are common in deposits that have developed 
in open spaces or fissures, are unknown. The mineral particles 
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Fic. 31. Ideal vertical section of lode. 


are very closely spaced, and there is very little tendency on the 
part of a mass of galena to break paraliel to the banding. 

The structure of the sulphide masses suggests its development 
under conditions of differential stress. The general relation of 
the individual bands of galena to the sulphide lenses, and of both 
of these to the walls of the lode or shear zone, are shown in 
Fig. 31. 

The individual bands of galena vary greatly in width in the 
different sulphide masses or in different parts of the same mass. 
In places these bands are as much as two inches thick, while in 
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others they are so narrow as to be almost imperceptible. Within 
each band the crystal grains of galena are developed in parallel 
orientation, and this parallelism is very well brought out by the 
excellent cubic cleavage of the galena. Cleavage faces are usu- 
ally curved, suggesting that they have been deformed after depo- 
sition, or that they developed under conditions of deforming 
stresses. The boundary between two bands is usually very sharp, 
and is emphasized by the different orientation of the cleavage 
faces in the adjacent bands (Plates XX XVIII.A and XXXIX.A). 

Usually the thinner bands are near the edges of the sulphide 
masses. In the central parts of the lenses the galena bands are 
quite thick. Some specimens show a uniformity of thickness of 
bands throughout a distance of a foot or two (Plate XXXVIII.- 
A). Other specimens show a rather sharp transition from bands 
0.2 of an inch in thickness to those of almost microscopic width, 
in a distance of about three quarters of an inch along the band- 
ing (Plate XXXVIII.B). This is more generally the case in 
comparatively narrow sulphide lenses. 


OCCURRFNCE OF OTHER MINERALS IN THE BANDED GALENA. 


Tetrahedrite (freibergite), sphalerite, pyrite, chalcopyrite, sid- 
erite, and quartz occur within the masses of banded galena (Plate 
XXXVIIA.). These minerals do not show any banding, but occur 
with irregular outlines, suggesting that they have been fractured. 
Their distribution with regard to the galena bands can be recog- 
nized only with difficulty in the rough hand specimen. In order 
to bring out their method of distribution, and ascertain whether 
it bears any relation to the banding of the galena, polished sur- 
faces of a few specimens were made. The polishing was done 
on emery and finishing wheels, which made several hundred revo- 
lutions per minute. Considerable heat and differential pressure 
were developed during the operation at the contact of the wheels 
and the galena surfaces. When the operations were completed, 
it was noticed that the banded character of the galena was no 
longer evident on the polished surfaces, but a suggestion of it 
was given by the alignment of grains of the other minerals par- 
allel to the direction of the banding. It is presumed that the 
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heat and stress developed by the grinding and polishing were 
sufficient to produce incipient flowage in the galena, which al- 
lowed a recrystallization and a consequent adjustment to the 
stress relations. This recrystallization took place only through 
a very thin layer as could be seen by the examination of the speci- 
mens along transverse fractured faces. 

The tetrahedrite, sphalerite, pyrite, and siderite show every 
evidence of having been broken up and strung out in zones par- 
allel to the banding of the galena. The outlines of their grains 
are very irregular (Plate XXXIX.B, Figs. 32, 33), and small 
cracks filled with galena intersect them in all directions. Grains 
of tetrahedrite are strung out along one zone of banding, while 
sphalerite grains predominate along another zone. Occasionally 
a series of roughly parallel fractures can be seen in the larger 
grains of sphalerite extending across the grains in a transverse 
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Fics. 32 AND 33. Polished surface of banded galena ore (Fig. 33) showing 
irregular fractured nature of tetrahedrite and sphalerite inclusions. (X 2.) 


direction to the banding of the galena (Fig. 34). The longer 
axes of the particles are usually parallel to the planes of banding 
of the galena. 
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ORIGIN OF THE GNEISSIC TEXTURE. 


It has been stated above that the bodies of gneissic galena ore 
were found to occur most abundantly in the lodes in which the 
sulphides are arranged in roughly lenticular masses crossing the 
ore zone as indicated in Fig. 31, and are more or less surrounded 
by a soft argillaceous gouge. This relation is believed to be 
genetic. 

A few of the outstanding characteristics of the lodes strongly 
suggest that the fracture zones in which they occur have been 
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subjected to considerable shearing, and that the individual lenses 
or sulphide masses, which are now oriented in approximately par- 
allel positions striking across each zone, were originally part of 
a more or less continuous vein deposit which ran parallel to the 
direction of the fracture zone. The present disposition of the 
ore lenses might very readily have been produced by the shear- 
ing of a tabular vein deposit in a direction parallel to the walls 
of the mineralized zone, as shown in Fig. 35. 

Such an arrangement, en échelon, might especially have been 
the result if the vein or tabular mass of sulphides, in its original 
form, had been bounded on either side by less competent layers. 
In this case the shearing of one wall past the other might cause 
the more competent sulphide mass to break up into lenses or 
slivers oriented in roughly parallel position at a comparatively 
small angle with the walls. The less competent materials might 
have yielded by flowage, thereby filling in the spaces surrounding 
the lenses of sulphides. 
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This hypothetical case seems to represent most nearly the sit- 
uation as it has been developed in these deposits of banded galena. 
This suggestion takes no account of the origin of the vein mate- 
rial. It merely presupposes a condition in which the vein mate- 
rials were arranged as they are in an undisturbed fissure vein, 
with more or less continuous elongation in the plane of the vein. 
Certain of the deposits of this district, in which shear zones do 
not appear to be developed, show very distinctly fissure-vein char- 
acteristics, which resemble closely what is believed to have been 
the original form of the shear zone deposits. In them massive 
granitoid galena, rather than the banded type, is the almost uni- 
versal occurrence. 

There are several features in these deposits of banded galena 
which support the above hypothesis. The walls of the deposits 
are smooth, slightly curved, slickensided surfaces, and they may 
be followed in places for considerable distances, where no vein 
materials are found between them. In the process of mining 
these slickensided surfaces are followed closely in search of new 
lenses or masses of the sulphides. Where vein material is ab- 
sent, the space between the walls is filled with intensely sheared 
argillaceous gouge, and there seems little doubt that the struc- 
tures are the product of shearing or faulting. The gouge ma- 
terial probably consists of the softer portions of the country rocks 
which were dragged into the vein at the time of its deformation. 

The arrangement of the sulphide masses in flattened bodies 
crossing the shear zone might be interpreted as due to the replace- 
ment of comparatively soluble sheared portions of the country 
rock, or even as due to the filling of inclined joint planes in the 
shear zone. In such a case the sulphides and other water-depos- 
ited material would be of later development than the shearing 
and would not of themselves be secondarily deformed. The 
banded character of the galena of the lenses is proof that this 
can not be the case. Ordinarily galena that replaces other min- 
eral substance or fills open spaces has a massive granitoid struc- 
ture, due to the fact that there is no feature controlling the orien- 
tation of the mineral grains. From the banded character of the 
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Slocan ores, it is very evident, therefore, that the ore bodies did 
not develop in their present form by replacement or fissure filling 
under static conditions. The parallel orientation of the galena 
grains of each band indicates that they assumed their present 
development under the influence, probably, of conditions of dif- 
ferential stress. 

Within each of the sulphide lenses, the banding follows rather 
faithfully the outline of the lens. Each band is not continuous 
from one end of the lens to the other, but a feathering out of the 
bands along their strike is the usual feature. Many of the indi- 
vidual bands are in reality flattened lenses. In specimens in 
which there is considerable tetrahedrite and sphalerite, the thin 
bands of galena may be seen bending around the grains and 
fragments of the former, and filling up all the spaces between 
them (Plate XXXIX.B), exactly as the schistose argillaceous 
material of the shear zone flows around the more resistant masses 
of the sulphides. That is to say, each specimen of banded mate- 
rial has represented within itself the whole history of the sec- 
ondary deformation of the zone of which it is a part. 

Specimens of banded galena, especially where they contain 
abundant fragments of sphalerite or tetrahedrite, resemble very 
closely in texture an augen gneiss. The latter minerals are fre- 
quently drawn out into elongated fragments, oriented parallel to 
the banding, suggesting strongly a granulation or slicing such as 
takes place in quartz and feldspar in the formation of an ortho- 
gneiss. Thecomparison is well brought out in Plates XXXVIL.- 
B and XXXIX.B). 

At the time of the shearing or deformation of the veins, the 
sulphide masses were torn apart, while the less competent clayey 
material of the walls was drawn into the shear zone and sub- 
jected to flowage conditions, allowing it to fill up the spaces be- 
tween the more resistant sulphides. The deforming stresses 
were transmitted to the sulphide lenses, and in them also defor- 
mation took place partly by fracture and partly by flowage. The 
less competent galena accommodated itself to the new conditions 
by flowing around the more competent sphalerite, tetrahedrite, 
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etc., which yielded by fracture. It may seem rather anomalous 
to consider the original sulphide veins as having been broken up 
into lenses by fracturing, while the galena, which is their chief 
constituent, yielded apparently by flowage. A possible explana- 
tion of this situation is that there was a progressive increase in 
the severity of the shearing stresses. At first the shear may 
have been just great enough to cause the vein material to yield 
by fracture, forcing it to split up into lenses, oriented about as 
they are at present. When the process had proceeded thus far, 
there may have been an increase in the differential stress suffi- 
cient to make the galena flow, but not great enough to produce 
flowage conditions in the more competent tetrahedrite, sphal- 
erite, etc. 

Another important feature remains to be considered. Galena 
is an isometric mineral with excellent cubic cleavage, and one 
that has a strong tendency to develop in equidimensional grains. 
Consequently it is not a mineral that can ordinarily assume a 
form that would tend to produce gneissic or schistose texture in 
a rock of which it is a constituent, even under conditions of dif- 
ferential stress. Therefore, if the banded and apparently gneissic 
galena ore of the Slocan district has assumed its texture as a 
result of differential stress, some unusual feature must have been 
a controlling one in the process. This unusual feature seems to 
be similar to that suggested by Van Hise* and Leith® to account 
for the development of a schistose texture in crystalline lime- 
stones. Quoting from Leith: 

It may be suggested that the ready recrystallization of calcite and its 
consequent tendency to develop large individuals by the merging of 
smaller ones may soon obliterate evidence of parallel arrangement after 
rock flowage has ceased, and that a parallel arrangement appears only 
when the rock flowage and the development of a parallel structure has 
occurred so recently that subsequent recrystallization has not had time 
or the proper conditions to obliterate the parallel structure. In other 
words the parallel structure developed by granulation or recrystalliza- 


tion under dynamic conditions may be obliterated by subsequent recrys- 
tallization under static conditions. 


4U. S. Geol. Survey Mon. 47, pp. 754-755, 1904. 
5U. S. Geol. Survey Bull. 230, p. 90, 1905 
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Similarly, in the case of the Slocan banded galena ores, it is 
believed that the deforming stresses were not accompanied by the 
proper conditions for allowing recrystallization to obliterate the 
evidence of parallel arrangement. Had the stresses been severe 
enough to produce well-marked and intense flowage conditions 
for the galena, it is probable that there would be no suggestion of 
banding in the ore. The differential pressure was probably just 
severe enough to produce a very mild type of flowage in the ga- 
lena, whose initial results were a granulation and slicing, produc- 
ing a parallel arrangement, and was not of sufficient duration or 
intensity to allow the process of recrystallization to obliterate 
the development of these parallel structures. These conditions 
may have been produced by a rather rapid shearing of the veins 
due to contraction of the country rocks on cooling, after intru- 
sion by the Nelson granodiorite. 

Specimens may be obtained from some of the sulphide masses 
in these mines, which do not show the banded variety of galena, 
but rather the massive granitoid type enclosing angular and ellip- 
soidal fragments of siderite, tetrahedrite, sphalerite, pyrite and 
quartz (Plates XL.A and B). The lack of the banded structure 
in the galena might suggest that this material was in its original 
form and had not been subjected to differential stresses. Many 
specimens of this massive galena have been carefully examined 
by the writer and special attention was given to the character of 
the included minerals. Their contact with the galena is sharp, 
and there is no evidence of the replacement of one mineral by 
the other. The outlines of the included minerals are irregular, 
and a specimen of such ore resembles a crush breccia, in which 
the softer material flowed and recrystallized (Plate XL.B). In 
one specimen examined, irregular-shaped inclusions of pyrite 
show a rough parallel fracturing similar to that indicated in Fig. 
34, which suggests secondary deformation. It is the hard re- 
sistant minerals that constitute the included fragments. For 
these reasons, therefore, it is concluded that the massive galena, 
including fragments of siderite, tetrahedrite, sphalerite, pyrite, 
and quartz, does not represent the vein in its original unsheared 
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form, but shows the vein material at a stage in its development, 
after the flowage process for the galena had reached completion, 
and when recrystallization had completely obliterated the parallel 
structures, which probably constituted an earlier phase. 


GNEISSIC GALENA ORE FROM OTHER LOCALITIES. 


Examination of some of the literature of silver-lead deposits 
and inspection of specimens of silver-lead ores from other locali- 
ties has revealed the fact that these occurrences of gneissic galena 
ore are not unique. 


Ceur d’Alenes, Idaho. 


Specimens showing the development of this texture were col- 
lected by the writer from the Interstate-Callahan and other mines 
in the Coeur d’Alenes during 1915, but the banded character is 
not developed to nearly the same extent as in the ores of the 
Slocan district. F. L. Ransome,® in his description of galena 
from this district, says: 


The cleavage faces are curved, and the galena in part has an irregu- 
lar banded structure, due to the production of lamellar twinning by pres- 
sure. Much of the massive granular galena of the Last Chance mine 
exhibits a faint banding and rough schistosity which is probably also 
due to pressure. 


Minnie Moore Mine, Bellevue, Idaho. 


Whitman Cross has described specimens of galena, which have 
been subjected to pressure from the Minnie Moore Mine:* 

All specimens of this galena that have been examined show a more 
or less distinct lamellar structure, or a striation on certain cubical cleav- 


age planes, which is found to be identical in character with the lamina- 
tion. 


No material of the nature of the gneissic galena ore of the Slocan 
district is described from this locality. 


6U. S. Geol. Survey Prof. Paper 62, p. or. 
7 Proc. Colo. Sci. Soc., Vol. 2, 1887, p. 172. 
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Rammelsberg, Harz Mountains, Germany. 


Galena ore, in many respects similar to the banded ore of the 
Slocan district, has been described by Lindgren and Irving from 
the Rammelsberg copper deposit. In this case the ore minerals 
are principally zinc blende, chalcopyrite, galena, pyrite and arsen- 
opyrite. The gangue mineral is almost entirely barite. 

By far the most common structure is that of the so-called Melir-Erze, 
which are intimately banded, in most cases consisting of dominant zinc 
blende, with narrow and gently curved streaks of chalcopyrite and 
galena. In places the ore contains rounded nodules, generally of pyrite, 
around which the fine-grained streaks of zinc blende and galena bend 
in regular curves.® 

The ore banding follows in all cases with great faithfulness the out- 
lines of the sulphide mass.?° 

As far as our experience goes, the structure is unique in ore deposits. 
... The sulphides do not occur with their primary texture. The struc- 
ture is that of a dynamo-metamorphic rock, in which all the constitu- 
ents except the pyrite have been drawn out into streaks which are inti- 
mately mingled. . . . The different constituents have acted under pres- 
sure as plastic material and are thoroughly mashed and squeezed.1+ 


While the general situation here is rather similar to that of 
the Slocan ores, it is to be noted that the authors conclude that 
the gneissic texture is the result of a plastic flow like that of clay. 
The Slocan ores of banded character, on the other hand, are con- 
ceived to have formed not by means of a plastic flow, in which 
the constituent grains move around each other, but by means of 
granulation, slicing, and recrystallization—in other words, by 
true rock flowage. The resulting texture is, therefore, due to a 
development of new crystal grains rather than to a readjustment 
of the positions of the old ones. 


RELATION OF SECONDARY DEFORMATION TO PARAGENESIS IN ORE 
DEPOSITS. 


A detailed study of the origin of the banded texture in these 
Slocan ores calls attention to the general problem of the secondary 

8 Econ. Geox., Vol. 6, 1911, pp. 303-313. 

9 Idem, p. 311. 

10 Tdem, p. 306. 

11 p. 312. 
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deformation of ore deposits, and its relation to the origin of ores 
and mineral paragenesis, especially in regions that have been sub- 
ject to dynamic metamorphism. In such areas rocks often of 
the most resistant and competent character have been dynamically 
metamorphosed to gneisses and schists. It would not be unrea- 
sonable to expect that ore bodies which antecated the period of 
deformation might also have had their physical characters pro- 
foundly altered. This is a probability which has been fre- 
quently overlooked in the study of the origin of ore deposits, but 
is one to which W. H. Emmons has called particular attention in 
his paper entitled “ Regionally Metamorphosed Ore-deposits and 
the So-called Segregated Veins.’’!? 

The paragenesis of minerals is an important study which aids 
in the determination of the origin of ores. Some of the chief 
criteria used in outlining the paragenesis are: (1) The presence 
of minerals of one kind enclosed in those of another kind; (2) 
the gradual substitution of one group of minerals by others by 
means of replacement, and (3) the occurrence of certain min- 
erals in small stringers and veins intersecting other minerals. 
Provided an ore deposit has not suffered from dynamic meta- 
morphism and is still in its original condition, the time relations 
of the various minerals may be determined by the use of the 
above and other criteria. On the other hand, if an ore body is 
located in an area which has been subjected to great earth 
stresses, it is natural to expect that its physical character, as well 
as that of the country rocks, may have been changed. If the 
dynamic metamorphism were not intense enough to produce 
flowage conditions for all the constituent minerals of the ore 
body, the result would be the fracturing of the more resistant 
group and the flowage of the less resistant ones. It is quite pos- 
sible that the oldest minerals of the first phase, that is, previous 
to the metamorphism, might adapt themselves to the new con- 
ditions by flowage, while the younger minerals of the first phase 
might be deformed by fracture. In such a case, the minerals 
that were subjected to flowage conditions would appear to be 
12 Econ. Grot., Vol. 4, 1900, p. 755. 
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EXPLANATION TO PLATE XXXVII. 


Fic. A. Thin-banded galena ore. (XX 1%.) 
Fic. B. Thin-banded galena ore, showing gneissic character and inclusions 
of other minerals. ( <2.) 
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EXPLANATION TO PLATE XXXVIII. 


Fic. A. Thick-banded galena ore, showing parallelism of cleavage faces 
within each band. 


Fic. B. Banded galena ore, showing gradation from thin to thick banding. 
(X 
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EXPLANATION TO PLATE XXXIX.. 


Fic. A. Banded galena ore, showing well marked boundaries between bands, 
owing to different orientation of cleavage grains within them. (> 5.) 

Fic. B. Gneissic galena ore, showing stringers of galena bending around 
inclusions of sphalerite and tetrahedrite. (X1%%4.) Areas enclosed by ink 
lines are tetrahedrite. 
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EXPLANATION TO PLATE XL. 


Fic. A. Large crystal grain of galena of uniform crystallographic orienta- 
tion, showing abundant inclusions of sphalerite and tetrahedrite. (1%.) 

Fic. B. Massive granitoid galena showing inclusions of siderite of frag- 
mental nature. (X 1%.) 
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the younger in the anamorphosed ore deposit, because they flow 
about and fill in the cracks in the minerals that were deformed 
by fracture. Therefore, unless it were known that the ore body 
were an anamorphosed one, the paragenesis of the minerals as 
worked out from their mutual physical relations would be ex- 
actly the reverse of the correct order. Consequently, secondary 
deformation of ore bodies of mixed minerals. may produce con- 
ditions which suggest a mineral paragenesis quite different from 
the true one. Therefore in dealing with the ore bodies of pre- 
Cambrian age, in particular, it seems to the writer that the possi- 
bility of secondary deformation of the ores is one which should 
be emphasized. 
ACKNOWLEDGMENTS. 


In conclusion, the writer wishes to acknowledge the kindness 
of Mr. George Aylard and Mr. W. H. North, of the Standard 
Silver-Lead Mining Co., and of Mr. Alex Smith and Mr. J. P. 
McFadden, of the Surprise mine, for allowing him to collect ma- 
terials and for furnishing specimens for the preparation of this 


paper. 


n 
r 
tl 
tl 
le 
T 
fe) 
h 
it 
t] 
b 
li 
Pp 
te 
a 
a 


THE RELATION OF THE TITANIFEROUS MAGNE- 
TITES OF NORTHEASTERN MINNESOTA 
TO THE DULUTH GABBRO. 


T. M. BRODERICK. 
Part I. GENERAL GEOLOGY. 


Introduction. 


The titaniferous magnetite bodies of the Duluth gabbro in 
northeastern Minnesota are well known from various scattered 
references which indicate some differences in the character of 
the ores from different places. The Minnesota Geological and 
Natural History Survey found it desirable to compile the avail- 
able data, and to go over the ground systematically, classifying 
the deposits. Several types have been found. A survey bul- 
letin describing the results of this study is now in preparation. 
This paper is concerned chiefly with an investigation of the 
origin of the various types of magnetite deposits. The work 
has been carried out under the supervision of F. F. Grout, whose 
interest and many suggestions are especially appreciated. 

Location.—The magnetic iron ores discussed in this paper oc- 
cur in the Duluth gabbro in Cook and Lake counties, in north- 
eastern Minnesota. The westernmost outcrop of ore is near 
the southwestern corner of T. 62 N., R. 10 W. Outcrops of ore 
occur at many places in a belt extending about fifty miles north- 
eastward from this point, and within a few miles of the northern 
boundary of the gabbro. The greater number of the deposits 
lie within this strip, parallel to the boundary of the gabbro. Im- 
portant occurrences of ores a few miles outside of this belt ex- 
tend the general area southward in Ranges 3 and 4 west. The 
area is north of Lake Superior, and the eastern end lies within 
a few miles of the boundary between Minnesota and Canada. 
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Topography.—The topography of the area underlain by the 
Duluth gabbro is that of an undulating plain. There are few 
elevations of more than 100 feet above the general level. Steep 
rocky hills with vertical escarpments of ten to twenty feet are 
common. There are many lakes, most of which are of irregular 
shape and shallow. In the eastern part of the area, however, 
where the banding of the gabbro is pronounced, the lakes are 
long, narrow and deep, extending parallel to the banding of the 
country rock. The drainage of the southern part of the area is 
into Lake Superior; that of the northern part is into the Hudson 
Bay basin, through the Rainy and Nelson rivers. The whole 
area has been glaciated, but there is little drift. The southern- 
most outcrops of the magnetites are close to the northern edge 
of the moraine deposits which border the north shore of Lake 
Superior. Glacial striz are abundant, and show the general 
direction of ice movement to have been S-SW. 


Stratigraphy. 

Geologic Column.—The Duluth gabbro lies near the southern 
edge of the pre-Cambrian shield of North America and in en- 
tirely surrounded by pre-Cambrian rocks. The geologic column 
for the area is as follows 

Quaternary System 
Pleistocene series—Drift 


Unconformity 
Algonkian System 


Keweenawan series ........ a oO" Duluth gabbro and Logan sills 
with associated granite and 
flows 


Unconformity 
Huronian series 
Rove slate 
Upper Huronian (Animikie group) {Gunflint formation 
(Iron-bearing) 
Unconformity 
Intrusive rocks, acid and basic 
Knife Lake slate 
Agawa formation (iron-bearing) 
Ogishke conglomerate 
1Clements, J. Morgan, “The Vermilion Iron-bearing District of Minne- 
sota,” U. S. Geol. Survey Mon. 45, p. 33, 1903. 


Lower-Middle Huronian ......... 
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Unconformity 
Archean System 
Soudan formation (iron-bear- 
in 


Ely greenstone (a basic igneous 
and largely volcanic rock) 


Descriptions of Formations—The Ely greenstone is chiefly 
altered basalt; the color is green, of various shades. Amygda- 
loidal and spherulitic structures are common, and the texture is 
from fine to coarse grained. Hornblende, augite, plagioclase, 
quartz, titaniferous magnetite, and apatite are the primary min- 
erals. Interbedded rocks, probably volcanic tuffs, occur in the 
greenstone, most of which shows considerable alteration by 
weathering and dynamic action, which has made it schistose. 

The Soudan iron-bearing formation consists largely of inter- 
laminated bands of finely crystalline quartz and iron oxides. 
Locally there are interstratified slaty and conglomeratic phases. 
It is believed that the Ely greenstone was poured out upon the 
sea floor, and that after quiescence the Soudan formation was 
deposited, chiefly as a chemical precipitate. Subsequent dynamic 
metamorphism has caused the Soudan formation and the Ely 
greenstone to be closely infolded. 

The material making up the Ogishke conglomerate consists of 
pebbles and boulders of greenstone, granite, porphyry, chert, and 
jasper in a finer grained matrix derived from the same sources. 
Near the contacts with the Snowbank granite and the Duluth 
gabbro, it has been metamorphosed to schist. It is unconform- 
able with the underlying formations but grades upward with 
increasingly finer material, into the Agawa iron formation or the 
Knife Lake slate. 

The Agawa iron-bearing formation is found as a very thin 
bed, above the Ogishke conglomerate. It resembles the other 
iron formations of the Lake Superior region. 

The Knife Lake slates are variable in their original composi- 
tion. There are argillaceous, cherty, graywacke, conglomeratic, 
and tuffaceous modifications. Locally, where dynamic action 
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has been effective, they are altered to micaceous or amphibolitic 
schists and gneisses. Near the contact with the Duluth gabbro 
they have been altered to hornfels. The primary minerals of the 
Knife Lake slate are feldspar, quartz, brown mica, pyroxene, 
and hornblende. The dynamic metamorphism of the slates has 
resulted in complex folding. Many of the lakes in northeastern 
Minnesota are on the synclines where the easily eroded slates 
outcrop. 

The Gunflint formation, originally a cherty iron carbonate, is 
exposed in the vicinity of Gunflint Lake. Contact metamorphism 
has transformed it into a banded magnetite rock, which contains 
a great variety of minerals, such as fayalite, cordierite, quartz, 
and many others. 

The Rove slate forms the northern boundary of the gabbro, 
east from sec. 26, T. 65 N., R.4.W. The formation consists of 
slate, with quartzite and graywacke phases. 

The Duluth gabbro and Logan sills intrude the above forma- 
tions. The gabbro which encloses the magnetite deposits is 
discussed below. 

The Duluth Gabbro. 


Lithologic Character—The chief original mineral constitu- 
ents of the Duluth gabbro are plagioclase, augite, hypersthene, 
olivine, a little brownish green hornblende, biotite, apatite, mag- 
netite and ilmenite. The plagioclase is a basic labradorite. 

The texture of the gabbro is distinctly granitoid and is about 
the same at the contact as more remote from it. Ophitic and 
poikilitic textures also occur. 

The principal variations of the gabbro are due to the relative 
proportions of the plagioclase, augite, olivine, and magnetite. 
The normal rock is a gray, medium- to coarse-grained granitoid 
aggregate consisting of basic labradorite and augite, with small 
but variable amounts of olivine and magnetite and is unusually 
fresh. With increase in the plagioclase the gabbro becomes 
anorthosite. Troctolite is formed by the decrease in the augite, 
leaving plagioclase and olivine as the essential constituents. In- 
crease in the amount of magnetite gives the magnetite concen- 
trations approaching iron ore. 


TITANIFEROUS MAGNETITES OF MINNESOTA. 667 


Minor variations in texture give rise to gabbros of different 
size of grain, and to rocks of ophitic and poikilitic textures. In 
the latter, large augite and olivine crystals surround the lath- 
like plagioclase. 

Fluxion structure is conspicuous in the parallel orientation 
of the plagioclase crystals. Banded structure is especially 
noticeable in the eastern part of the area in which the magnetite 
bodies occur. In these areas of banded gabbro there are bands 
of plagioclase-magnetite rock, which, though but a few feet in 
thickness, extend about a mile along the strike. 

Relations to Other Rocks——The Duluth gabbro may be of the 
same age as the Logan sills. It intrudes the Keweenawan flows 
and it has been thought that the intrusion has cut across the 
Upper Huronian beds, uplifting them in part of the area.? 
However, the absence of any record of Huronian rocks above 
the gabbro indicates that it followed approximately the plane of 
unconformity at the base of the Keweenawan. 

Mode of Occurrence.—The Duluth gabbro has been called a 
laccolith, and it is one of the largest known of such intrusive 
masses. Its maximum diameter is 140 miles, and its maximum 
thickness is in the neighborhood of 50,000 feet. 

Contact Metamorphism.—The gabbro has metamorphosed all 
the rocks with which it is in contact. Its effects upon the Ely 
greenstone, the slates, and the Gunflint iron formation have been 
described.2 Some of the contact phases of the intruded rocks 
closely resemble certain rocks and types of ore within the gab- 
bro, suggesting that the latter are included blocks of similar con- 
tact rocks. 

The Gunflint iron-bearing formation, originally a cherty iron 
carbonate, has been metamorphosed to a coarse-grained banded 
rock, consisting essentially of magnetite, quartz, and fayalite, 

2Van Hise, C. R., and Leith, C. K., “ The Geology of the Lake Superior 
region,” U. S. Geol. Survey Mon. 52, p. 202, 1911. 

3Grant, U. S., “Contact Metamorphism of a Basic Igneous Rock,” Geol. 
Soc. America Bull., Vol. 11, p. 503, 1900. 

Zapffe, Carl, “ The Effects of a Basic Igneous Intrusion on a Lake Supe- 


rior Iron-bearing Formation,” Econ. Gror., Vol. 7, p. 145, 1912. 
Clements, J. Morgan, op. cit., p. 351. 
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in varying proportions in the different bands. There are nu- 
merous other minerals, chiefly ferromagnesian silicates, in smaller 
and variable amounts. Its texture is coarse-grained xenomor- 
phic; in some cases larger crystals enclose the smaller ones poiki- 
litically. The color varies with the mineral composition of the 
bands; the rocks high in magnetite are black, some of the quartz- 
ite phases are white, but the usual color is a greenish black. Cer- 
tain beds in the Gunfiint formation, probably originally of a 
shaly nature, have been altered to the sugary-textured hornfels 
which has been called muscovadite. 

The bands with a high proportion of magnetite and the ferro- 
magnesian silicates, especially when quartz is absent, closely re- 
semble igneous rocks, and their separation from the Logan sills 
which intrude them is, in places, difficult. These phases of the 
Gunflint, consisting essentially of magnetite, fayalite, and pyrox- 
ene, resemble some of the magnetite rocks within the gabbro 
which probably were formed in the same way. Bayley* has 
even included some of these puzzling variations of the meta- 
morphosed Gunflint as “ peripheral phases” of the gabbro itself. 
Elftman® and others, and in particular U. S. Grant® agreed that 
they are contact rocks and the latter gives in considerable detail 
his reasons for regarding them as contact metamorphic rocks 
rather than phases of the gabbro. 

Contact action on the Ely greenstone has resulted in the fol- 
lowing changes: The augite, in ophitic relation with the plagio- 
clase, has altered to hornblende, with preservation of the ophitic 
texture. Biotite has been developed in most cases and many 
specimens show large plates of biotite and hypersthene, which 
enclose the other minerals. In other cases the metamorphosed 
rock shows more magnetite and brownish green hornblende than 
would be expected from the recrystallization of the greenstone, 

4 Bayley, W. S., “ Massive Rocks of Lake Superior Region,” Jour. Geology, 
Vol. 2, pp. 814-825, 1894; Vol. 3, pp. 1-20, 1895. 

5Elftman, A. H., “The Geology of the Keweenawan Area in Northeastern 
Minnesota,” Amer. Geol., Vol. 22, p. 145, 1808. 


6 Grant, U. S., “ Contact Metamorphism of a Basic Igneous Rock,” Geol. 
Soc. America Bull., Vol. 11, pp. 507-508, 1900. 
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and Clements suggests that there is some addition of material 
from the gabbro. The grains of the recrystallized greenstone 
are more or less rounded in outline, giving what has been called 
by Bayley, granulitic texture; by Fouque, globular texture; and 
by Salomon, the contract structure.’ (See Fig. 37.) The tex- 
ture is one of those figured by Rosenbusch as being typical of 
the contact rock known as hornfels.* The contact metamor- 
phosed greenstone, where fresh, is a greenish gray rock. It has 
less resistance than has the unaltered greenstone, and on weather- 
ing it becomes a crumbly, brown mass called muscovadite by 
early observers. 

The metamorphic changes in the Knife Lake slate may be seen 
along the east shore of Gabenichigami Lake and on the islands. 
The metamorphism increases toward the contact. The width 
of outcrop of the contact zone is one quarter to one half mile. 
Near the contact, the metamorphism has resulted in the pro- 
duction of a hornfels much like that derived from the green- 
stone—a brown, sugary-textured, crumbling rock. The faint 
appearance of bedding in places is the only remaining field evi- 
dence of the original character in some of the outcrops. Slaty 
cleavage disappears, and the rock loses its splintery nature, and 
becomes massive. Weathering goes deeper. From a texture so 
fine that minerals can be recognized only with difficulty, it be- 
comes coarser and coarser, and some of the rocks in hand speci- 
men immediately at the contact resemble an igneous rock more 
than a sediment. Large plates of biotite and other ferromagne- 
sian minerals can be seen. In thin section the slate is composed 
of a confused aggregate of minerals of such fine grain that it is 
almost impossible to distinguish any but quartz. The cloudy ap- 
pearance is cleared up as the contact is approached, the size of 
grain increases; green and brown hornblende, biotite, plagioclase, 
magnetite, and quartz appear, with other minerals. Still nearer 
the contact green pyroxene appears. Biotite and hypersthene 

7 Winchell, A. N., “Chapter in the Geology of the Lake Superior Region,” 


U. S. Geol. Survey Mon. 52, p. 398, 191. 
8 Rosenbusch, H., “ Element der Gesteinslehre,” 3d ed., p. 113, 1910. 
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are developed in some specimens in large plates, enclosing the 
other minerals. It is suggested® as an explanation of the char- 
acteristic development of brown mica, hypersthene, and magne- 
tite close to the contact, that magnesium and iron were trans- 
ferred from the gabbro to the contact rocks. However, in gen- 
eral, those who have studied the contact metamorphism of these 
rocks agree in emphasizing the process of recrystallization as the 
dominant one. Addition of material is regarded as of very 
minor importance. 

The intruded granites show very little contact alteration. The 
Rove slate contact shows the development of the muscovadite 
type of rock. The spotted contact types also occur, with devel- 
opment of cordierite. 

Inclusions of the rocks invaded by the gabbro are frequent, 
especially near the northern border which represents the floor 
of the gabbro. Fig. 36 shows the location of xenoliths of the 
banded quartz magnetite phase of the Gunflint iron formation. 
A few of these have been described,?® others are known only 
from private reports, and the present explorations. 

The contact effects of the gabbro upon inclusions were of the 
most profound nature, and the process of recrystallization was 
carried further than in the rocks -bordering the gabbro. There 
is evidence of the addition of titanium on a large scale to some 
of the inclusions, and it is highly probable that other materials 
were added. The difficulty of recognizing the true nature of an 
inclusion of the iron-bearing formation which has been altered 
to a coarsely crystalline aggregate of olivine, pyroxene, and 
magnetite, and which has received titanium emanations from the 
surrounding gabbro, is apparent. Observers have naturally 
classified such bodies as segregations of the gabbro magma. 
Evidence that many of them are inclusions is cited later. 

Within the gabbro, especially within a few miles of the 
northern border, there is a great abundance of inclusions of a 

9 Clements, J. Morgan, op. cit., p. 345. 


10Grant, U. S., Geological and Natural History Survey of Minnesota 
Final Report, Vol. 4, pp. 417, 456, 1890. 
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rock which has been called muscovadite, or granulitic gabbro. 
The locations of many outcrops of this rock are shown in Fig. 36. 
In a study of the ores of the gabbro, one of the first problems to 
be solved is the origin of this rock. The magnetite deposits of 
certain types are almost invariably associated with the muscova- 
dite, in many cases so related to it that a solution of the origin 
of the muscovadite would go far in establishing the same origin 


Fic. 37. Texture of hornfels developed in slate, greenstone, and other rocks, 
at the contact! with the Duluth gabbro. Ordinary light X 20. 


for the associated magnetite. Without giving a full account of 
the varied opinions of the nature of the rock held by geologists 
who have studied it, it may be stated that it was generally con- 
sidered a fine-grained gabbro.™ 

Microscopically, the rock, if fresh, is a light or dark gray, 


11 Grant, U. S., Geol. and Nat. Hist. Survey of Minnesota Final Report, 
Vol. 4, p. 478, 1899. 

Grant, U. S., “ Contact Metamorphism of a Basic Igneous Rock,” Geol. Soc. 
America Bul,. Vol. 11, pp. 509-510, 1900. 

Bayley, W. S., loc. cit. 
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finely textured, crystalline aggregate of uniform grains. The 
weathered muscovadite is a brown, crumbly, granular product. 
As shown by Grant,’? the minerals are basic plagioclase, augite. 
olivine, magnetite, hypersthene, and biotite. In most cases only 
two or three of these minerals occur in a given section. The 
texture is granitoid, with allotriomorphic, equidimensional grains, 
in many cases with rounded outlines, giving a hornfels texture. 
(See Fig. 37.) The size of grain is less than one fifth that of the 
average gabbro. The gabbro cuts the muscovadite in dikes and 
stringers. Areas of muscovadite vary in size from a few square 
feet to many acres, and they are completely surrounded by gab- 
bro. Contacts between the two are as a rule sharp. All of the 
known inclusions of banded Gunflint iron formation are asso- 
ciated with muscovadite. In many cases the muscovadite has a 
contorted appearance. 

A study of the rocks, in the field and laboratory, furnishes 
considerable evidence that the muscovadite within the gabbro is 
of the same origin as that developed along its northern border by 
contact metamorphism of the intruded rocks, the main difference 
being that the material within the gabbro was subjected to more 
intense metamorphism, because it was surrounded on all sides by 
the magma.1 

There are indications of some slight fusion and assimilation 
of some of the inclusions in the gabbro. As suggested below, the 
dikes and stringers of magnetite which occur in association with 
the hornfels are probably fused iron formation, the magnetite 
melting completely and separating from the more viscous musco- 
vadite. There is some evidence that there has been assimilation 
of magnetite by the gabbro, because in the vicinity of some of the 
magnetite inclusions, the gabbro is richer in magnetite than it is 
at some distance away. However, the gabbro does not become 
so high in magnetite that it is confused with the inclusion itself. 
Another point that seems to indicate assimilation is that a quartz 

12 Grant, U. S., Geol. and Nat. Hist. Survey Minnesota Final Report, Vol. 
4, Pp. 478-479, 1899. 


13 The evidence leading to this conclusion will be considered in a paper 
now in preparation. 
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gabbro, described in detail by Winchell,’* is but a few hundred 
feet from the large inclusion of Gunflint formation in Sec. 12, 
T. 64 N., R. 6 W. Part of the inclusion is a white quartzite. 
Since the quartz is not a constituent of the normal phase of the 
gabbro, it is likely that it was assimilated from the nearby inclu- 
sion. There is also clear evidence of differential action of the 
gabbro upon the rocks at the northern contact. The gabbro 
forms great embayments into the Knife Lake slate and the 
Ogishke conglomerate, while the Ely greenstone projects into 
the gabbro. Either the gabbro has had a greater corrosive effect 
upon the siates and conglomerates, or these rocks are more sub- 
ject to stoping action because of their physical properties, than 
is the greenstone. Perhaps both differential assimilation and 
stoping caused the gabbro to encroach upon some of the contact 
rocks and not upon others. The form of the inclusions of slate 
and greenstone can be explained only by assuming that they be- 
came plastic. Instead of the sharp points and edges which they 
would have if they had not become softened, they finger out 
into the gabbro and have a smeary, contorted appearance, with 
rounded edges. Although the evidence seems to indicate that 
fusion and assimilation took place, it was apparently of a very 
local nature. Winchell’s idea of the formation of the entire 
gabbro mass by fusion of the earlier rock does not appear to be 
justified by the evidence. It is certain that the gabbro could 
not have been fused in place, by heat from above or below, be- 
cause neither the roof nor the floor of the mass has been fused. 

In summary, the effects of the intruding gabbro on the contact 
rocks and inclusions may be briefly stated to be as follows: There 
is a well-marked contact zone except where granite has been in- 
truded. This contact zone outcrops for one quarter of a mile or 
more from the contact. Stoping has resulted in the formation 
of many inclusions of the intruded rocks. Recrystallization, 
with perhaps some addition of magnesium and iron near the 
contact, has been the chief metamorphic process operative. Ad- 


*14 Winchell, A. N., “ The Gabbroid Rocks of Minnesota,” Amer. Geol., Vol. 
26, p. 348, 1900. 
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dition of titanium to some of the inclusions has taken place on a 
considerable scale. The Gunflint formation has become a banded 
rock, whose chief minerals are quartz, magnetite, olivine, and 
pyroxene in very variable proportions. The alteration of the 
greenstone, the shaly phases of the Gunflint, and the slates of 
several formations gives a hornfels consisting of rounded grains 
of feldspar, quartz, hornblende, magnetite, biotite and pyroxene. 
Pyroxene is developed especially near the contact, and the rocks 
most affected resemble igneous rocks. Inclusions of this horn- 
fels have been called granulitic gabbro. The metamorphism has 
probably been effected by recrystallization under deep-seated 
static conditions, at high temperature, and influenced by abundant 
moisture.1> There are several facts which suggest that there 
may have been assimilation and fusion of the wall rocks on a 
small scale by the gabbro. These facts are the dike-like stringers 
of magnetite in hornfels; the distorted appearance of the horn- 
fels, as though it had once been plastic; the altered mineral com- 
position of the gabbro in the vicinity of some inclusions, such as 
higher magnetite content, and the presence of quartz; and the 
great embayments of the gabbro into certain formations along 
its contact. 


Part II. THe MAGNETITE ORES OF THE GABBRO. 
Introduction. 


The iron ores of the Duluth gabbro in Lake and Cook counties 
have long been objects of spasmodic prospecting and much of 
the land has been taken up by various development and mining 
companies. The area north of the Duluth gabbro has been 
mapped in detail by the United States Geological Survey.1® The 


15 Van Hise, C. R., and Leith, C. K., “The Geology of the Lake Superior 
Region,” U. S. Geol. Survey Mon. 52, p. 134, 1911. 

16 U. S. Geol. Survey Monographs 45 and 52. Singewald, J. T., Jr., “ The 
Titaniferous Iron Ore in the United States,” U. S. Bur. Mines Bull. 64, pp. 
93-110, 1913. Singewald spent one week in a small part of the area in which 
the deposits occur. Frequent references are made to the ores in the publi- 
cations of the Minnesota Geological and Natural History Survey, but detailed 
investigations had not been made. 


| 
| 
i 
1 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


676 T. M. BRODERICK. 


general impression gained by reading what little has been written 
regarding these ores is of a discouraging nature. However, it 
has been recognized by various individuals and companies that 
the results of a thorough investigation of the possibilities have 
never been published, and they have sent many parties into the 
gabbro area. Largely on the basis of conversations with various 
men who have examined these ores, the writer would venture 
the statement that there has been at least one party investigating 
them every summer for at least thirty-five years. Many of the 
deposits have well-beaten trails leading to them from the nearest 
waterways since, on account of the relative inaccessibility of the 
country, travel is almost entirely by canoe. There have been 
many scattering references, in both published and private reports, 
to deposits of other metals besides iron. Among these may be 
mentioned gold, silver, nickel, copper, vanadium, and chromium. 
One company, on the basis of faulty or deliberately fraudulent 
analyses, spent thousands of dollars in drilling in rock reported 
to contain nickel in paying quantities. It is believed that prac- 
tically every known outcrop of magnetite ore within the gabbro 
was seen by members of the parties engaged in the present work, 
and detailed magnetic surveys have been made of the most im- 
portant representatives of the various types of magnetite deposits. 
Specimens were taken, and subsequent analyses and petrographic 
examination, together with the results of the field work, form 
the basis of the following discussion of the origin of the ores. 

Geologists have recognized two general types of ore: masses 
of included iron formation, and the segregations in the gabbro. 
In the separation of these two types investigators’’ have placed 
most dependence upon two criteria. 

17 Winchell, N. H., and Winchell, H. V., “The Iron Ores of Minnesota,” 
Geol. and Nat. Hist. Survey Minnesota Bull. 6, pp. 125, 126, 1891. 

Winchell, H. V., Geol. and Nat. Hist. Survey Minnesota Seventeenth Ann. 
Rept., pp. 80, 81, 1888. 

Elftman, A. H., “The Geology of the Keweenawan Area in Northeastern 
Minnesota,” Am. Geol., Vol. 22, pp. 140-145-146, 1808. 


Van Hise, C. R., and Leith, C. K., “The Geology of the Lake Superior 
Region,” U. S. Geol. Survey Mon. 52, pp. 204, 546, 561, 1911. 
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1. The segregations of the gabbro are usually titaniferous; 
the included sedimentary ores are non-titaniferous. 

2. The included sedimentary ores are banded, with more or 
less quartz associated with them. 

The first of these criteria is a laboratory test, and in some of 
the citations to which reference has been made, it is regarded 
simply as a final test which will serve to confirm the decisions 
made on the basis of the second criterion. 

Thus, the general opinion of the observers has been to classify 
the banded quartz-bearing magnetite rocks as inclusions, and 
those which are not banded quartz-bearing rocks as segrega- 
tions of the gabbro, especially if a laboratory test shows the pres- 
ence of titanium. It is shown below that the criteria as stated 
above are not dependable. Not all the Gunflint inclusions con- 
sist of banded quartz-magnetite rock, nor are they all non- 
titaniferous. Therefore additional criteria are needed to sep- 
arate the segregations from the included ores. 

A convenient classification of the magnetite deposits of the 
gabbro, for the purposes of the discussion of their origin, is as 
follows: 

1. Inclusions of banded Gunflint iron formation. 

2. Banded segregations of the gabbro. 

3. Irregular bodies of titaniferous magnetite. 

4. Dike-like bodies of titaniferous magnetite. 


Inclusions of Banded Gunflint Iron Formation. 


Distribution.—The banded quartz-magnetite inclusions of the 
Gunflint iron formation occur at frequent intervals within a few 
miles of the contact of the gabbro, from the eastern end of the 
Mesabi district, at Birch Lake, to Little Saganaga Lake. (See 
Fig. 36.) These inclusions are more numerous and extensive 
than the literature indicates. In this territory there is almost 
none of the iron formation in place along the contact of the 

Grant, U. S., Geol. and Nat. Hist. Survey Minnesota Final Report, Vol. 4, 
PP. 417, 418, 456, 457, 1899. 


Clements, J. Morgan, “ The Vermilion Iron-bearing District of Minnesota,” 
U. S. Geol. Survey Mon. 45, pp. 421-422, 1903. 
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gabbro. Along the contact farther east, the iron formation in 
place first outcrops a few miles east of Gabemichigami Lake. 

Petrographic Character —Petrographically these inclusions re- 
semble the Gunflint in place where it has been metamorphosed 
by the gabbro. The minerals are chiefly quartz, magnetite, 
fayalite,’ pyroxenes and amphiboles in various proportions and 
combinations. Plagioclase, if present at all, is in small amounts. 
Most of the rocks are coarsely crystalline and all the grains are 
xenomorphic, giving the rock a granitic texture. In some cases 
the ferromagnesian minerals are developed in poikilitic plates. 
The minerals in many cases are rounded, giving the granulitic 
textures. In most cases they are arranged in bands which vary 
in thickness from a fraction of an inch to several feet. The 
rocks are commonly greenish black in color. 

Mode of Occurrence——Most of the inclusions occur well 
within the gabbro and are entirely surrounded by it. They out- 
crop as east-west ridges, or on the southern slope of east-west 
ridges. Their length varies from 750 feet to 3 miles; their 
width of outcrop from 60 to 650 feet. Many of them extend 
east and west, and thus approach conformability with gabbro 
structure. Their outlines are fairly regular. The banding in 
many of them strikes east-west, and dips to the south. Evidently 
they are tabular bodies or xenoliths broken off parallel to the 
original bedding (now represented by the banding), and con- 
veyed into the gabbro, finally coming to rest in haphazard posi- 
tions. Some of them show sharp contacts with the gabbro.’” 
In every case they are associated with the hornfels inclusions. 

As examples of the peculiar nature and variability of these 
inclusions, the types found in a single series of outcrops in Sec. 7, 
T. 64 N., R. 5 W., may be cited. The inclusion of which these 
outcrops are a part, projects down into the gabbroas a long point. 
It is connected with the Animikie outcrops on the southeastern 

18 Winchell, N. H., Geol. and Nat. Hist. Survey Minnesota Final Report, 
Vol. 5, pp. 638, 703, 1900. 

Zapffe, Carl, “ The Effects of a Basic Igneous Intrusion on a Lake Superior 


Iron-bearing Formation,” Econ. Grotocy, Vol. 7, p. 152, 1912. 
19 Loc. cit., p. 457. 
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shore of Gabemichigami. The outcrops may be followed from a 
point about 200 paces east and 125 paces south of the northwest 
corner of Sec. 7, northeastward around the base of a low north- 
facing cliff, thence southeastward to the shore of Little Saganaga 
Lake. The inclusion itself includes a great variety of rock types. 
There are many outcrops of hornfels, some of them having a 
conglomeratic appearance (perhaps pseudo conglomerate like 
that described by Clements).2° The greater number of the out- 
crops are magnetite ores. Some of them are banded with quartz, 
others are olivinitic and pyroxenitic, with no quartz. There is 
one outcrop of almost pure titaniferous magnetite 25 feet square. 

Another inclusion, in Sec. 12, T. 64 N., R. 6 W., of which the 
northernmost outcrop is 535 paces N. 22° E. of the southwest 
corner of Sec. 12, shows the same variation in rock types. It 
can be followed south by an almost continuous outcrop to the 
line between sections 12 and 13, where it turns east and can be 
followed almost half a mile. This is probably an inclusion, for 
it is surrounded on all sides by gabbro, is not in structural con- 
formity with the Gunflint in place, and is some distance above 
the supposed base of the gabbro. The most conclusive evidence 
is obtained by taking magnetic readings on the inclusion itself 
and on the gabbro within a few feet of it. The magnetic varia- 
tions are high above the inclusion, but those taken on the gabbro 
a few feet away, along the line of strike of the inclusion or across 
it, are normal. This indicates that these Gunflint outcrops are 
not projections of the rock in place, for with such a thin covering 
of gabbro as there would be-a short distance from the outcrops 
the magnetic needles would be seriously affected. 

The possibility that these “inclusions” may be in place has 
been recognized. Grant”! regards at least one of these Animikie 
areas within the gabbro as being included. He has suggested 
that some of the others may be in place. Van Hise and Leith 
regard these areas as included Gunflint formation rather than 

20 Clements, J. Morgan, “The Vermilion Iron-bearing District of Minne- 


sota,” U. S. Geol. Survey Mon. 45, p. 344, 1903. 
21 Loc. cit., PP. 417, 456. 
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Gunflint in place.2? The magnetic readings, such as are de- 
scribed above, indicate that several of the Animikie outcrops 
within the gabbro are inclusions. The rocks are referred to 
throughout this paper as inclusions. 

Titanium Content.—One of the criteria most used in separat- 
ing the Gunflint iron formation (both in place and as inclusions 
in the gabbro) from the magnetic concentrations of the gabbro 
is the presence or absence of titanium. All discussions of the 


TABLE I. 


ANALYSES OF INCLUSIONS OF BANDED GUNFLINT FoRMATION COMPILED FROM 
Various Sources. 


| Per Cent. 
| Per Cent, Fe. | TiO,. x00 TiQg: Fe. Remarks. 
Sec. | T. R. { | 
23) 62N. 11 W. 27.10 6:33) 1.2 
30 | 62 10 53.68 12.00 | 22.4 Concentrates 
30 62 10 61.04 0.00 | 0.00 
30 | 62 10 29.77 mss | Crude ore 
30 | 62 10 30.10 4.0 
1I5 | 63 9 45.02 9.45 21.0 
28 | 64 7 52.80 3.85 | 73 
18 | 64 6 39.20 1.20 3.0 ae: 
18 | 64 6 12.10 0.76 | 6.3 
18 | 64 6 39-12 1.01 2.6 ¥ 
64 7 | 38.65 0.90 | 2.3 
14 64 0.62 | 1.9 
14 64 7 40.00 0.30) =| 0.75 
14 64 7 35.10 | 0.42 t2 
14 64 7 39.10 10.61 27.0 > in 
14 64 7 40.90 0.35 0.9 Saale 
14 64 7 24.55 0.41 
17 64 6 41.85 8.94 21.4 Bt ga 
17 64 6 39.10 20.0 
12 64 6 53-14 8.90 16.7 Concentrates 
7 64 5 51.10 21.54 42.0 Crude ore 
7 64 5 34.60 8.28 24.0 
7and 12 64 5 and 6 56.16 0-6 0-10.7 


chemical nature of the Gunflint in place, so far encountered, 
agree that it is practically non-titaniferous. Many analyses sup- 
port this statement. The maximum percentage of TiO, re- 
ported in any analysis which the writer has seen is .11 per cent. 
Since these rocks are at the contact or very close to the gabbro, 


22 Van Hise, C. R., and Leith, C. K., “ The Geology of the Lake Superior 
Region,” U. S. Geol. Survey Mon. 52, p. 203, 1911. 
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and have not received any notable contribution of titanium, the 
supposition that the included fragments of the same formation 
should also be non-titaniferous would seem to be justified. A 
few analyses have been made which support this view. How- 
ever, many other analyses show that the titanium of the inclu- 
sions is higher than that of the formation in place. All the 
available analyses of the included Gunflint formation have been 
tabulated and their titanium content expressed as a fraction of 
the iron content by the ratio 100TiO,: Fe. (See Table I.) It is 
seen that of the 23 analyses of the Gunflint inclusions, there are 
but two which show a percentage of TiO, as low as that given as 
the maximum showed by the Gunflint in place. The titanium 
content is variable in different parts of the same inclusion. For 
example, in the analyses cited from the Fraser Lake inclusion 
(Sec. 14, T. 64 N., R. 7 W.) the ratio 100oTiO,: Fe varies from 
-75 to 27.0. The inclusions to the east of those at Fraser Lake, 
in sections 18 and 17, T. 64 N., R. 6 W., show ratios of 2.6 to 
21.4. Inclusions near the northwestern part of Little Saganaga 
Lake show a ratio of 0 to 42.0. 

Source of Titanium.—It is apparent that titanium is present 
in the Gunflint inclusions in variable amounts, in practically all 
cases much higher than the titanium of the Gunflint in place. 
One might attempt to explain these high titanium results by as- 
suming that they represent gabbro ore. Thus in a description 
of the Fraser Lake inclusion, the origin of part of it was left 
uncertain until it was found whether or not it was titaniferous.?* 
In the case of the Muskrat Lake inclusion, there was some diffi- 
culty in distinguishing between the gabbro, which is high in mag- 
netite in that vicinity, and the included ore. However, it is 
shown below that there are no clear cases of gabbro ore west of 
Range 3 W. These Gunflint inclusions under discussion are all 
west of Range 5 W. It would indeed be a remarkable coinci- 
dence if all the segregations in this part of the gabbro happened 
to occur just where a Gunflint inclusion lodged. It seems much 


28 Grant, U. S., Geol. and Nat. Hist. Survey Minnesota Final Report, Vol. 
4, PP. 417, 456, 1899. 
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more reasonable to explain the higher magnetite of the gabbro in 
the vicinity of some of the inclusions by a partial assimilation of 
the inclusions. Again, the writer has not seen in the vicinity of 
any of the Gunflint inclusions, any of the feldspar magnetite 
gabbro which is considered the only type of iron ore that is cer- 
tainly a segregation of the gabbro. It is possible that some of 
the pyroxene olivine magnetite aggregates, which are developed 
in the metamorphism of the Animikie, have been mistaken for 
gabbro in the vicinity of the inclusions, just as they have been at 
the contact. 

Various analysts have found considerable titanium in these ores 
and since it is unlikely that they represent gabbro segregations, 
it is probable that the titanium content is due to emanations from 
the gabbro. 

Examples of magnetites formed by emanations at igneous con- 
tacts are not rare. Most of them are non-titaniferous, but a 
few contain considerable amounts of titanium, in spite of state- 
ments to the contrary.24 Singewald has described the Cebolla 
district as a contact metamorphic deposit of titaniferous mag- 
netite, associated with a basic igneous rock.*®> Bayley”® in dis- 
cussing the origin of-some of the titaniferous magnetites of New 
Jersey, classifies some of them as of pneumatolitic origin. Van 
Hise and Leith?’ state that at Champion, Michigan, in the 
Marquette district, certain titaniferous magnetite ores may rep- 
resent a direct contribution from the intrusive. Foye*® de- 
scribes titaniferous magnetite deposits which he believes were 

24Krusch, P., “ Die Untersuchung und Bewertung von Erzlagerstatten,” p. 
179, 1907. 


Beyschlag, Krusch und Vogt, “ Die Lagerstatten der nutzbaren Mineralien 
und Gesteine,” Vol. 1, p. 351, 1900. 

25 Singewald, J. T., “The Iron Ore Deposits of the Cebolla District, Gun- 
nison County, Colorado,” Econ. Groxocy, Vol. 7, pp. 560-573, 1912. 

26 Bayley, W. S., Geological Survey of New Jersey Final Rept., Vol. 7, pp. 
147-156, 1910. 

27Van Hise, C. R., and Leith, C. K., “The Geology of the Lake Superior 
Region,” U. S. Geol. Survey Mon. 52, p. 553, I9II. 

28 Foye, W. G., “The Relation of the Titaniferous Magnetite Ores of Gla- 
morgan Township, Haliburton County, Ontario, to the Associated Scapolitic 
Gabbros,” Econ. Grotocy, Vol. 11, p. 680, 1916. 


we 


TITANIFEROUS MAGNETITES OF MINNESOTA. 683 


derived from underlying syenite intrusives by “ gaseous transfer.” 

Similarly emanation of titanium from the Duluth gabbro is 
believed to have taken place and probably explains the titanium 
content reported in some of the included hornfels. It is stated”® 
that the Gunflint formation in place has had titanium added in 
small quantity at the immediate contact with the gabbro. An 
inclusion would be able to take up that material from the gabbro 
on all sides, and therefore be much more likely to have additions 
of material. It is very probable that since TiO, was added, iron 
was also, thus enriching the iron content of the rock. 

Age.—tThe identity of these inclusions with the Gunflint iron- 
bearing formation of the Animikie or upper Huronian is certain. 
This fixes their age as upper Huronian. 

Economic Possibilities—Van Hise and Leith*®® state that the 
time may be distant, if it ever comes, when the Gunflint ores in 
place can be concentrated with a profit. It is certain, if the ore 
in place can not be profitably mined, that mining these inclusions 
would not pay. Two factors which might in time make the un- 
disturbed ores more valuable are the large amount available and 
the lack of titanium. The inclusions, on the other hand, are 
small in size, have a very uncertain extent in depth, and in many 
cases are high in titanium. Even should the inclusions later be 
proved to be in place, their commercial possibilities would not be 
so great as those north of the gabbro on account of their high 
titanium content. At best they are not to be considered as a 
present possibility for mining. 


Banded Segregations of the Gabbro. 


Introduction—There is but one type of ore within the gabbro 
to which the term segregation can with certainty be applied. 
The term segregation cannot be applied to any deposit of mag- 
netite within the gabbro, simply because it contains TiO,. It 

29 Zapffe, Carl, “ The Effects of a Basic Igneous Intrusion on a Lake Supe- 
rior Iron-bearing Formation,” Econ. Grotocy, Vol. 7, p. 152, 1912. 


30 Van Hise, C. R., and Leith, C. K., “ The Geology of the Lake Superior 
Region,” U. S. Geol. Survey Mon. 52, p. 204, I9II. 
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has been shown that even the non-titaniferous Gunflint forma- 
tion, when caught in the gabbro as an inclusion, is impregnated 
with titanium. In distinguishing true segregations of the gab- 
bro, then, we are forced to use criteria other than the titanium 
content. These criteria are considered in the following dis- 
cussion. 

Distribution—The westernmost deposit of the type of ore 
which is undoubtedly a segregation of the gabbro is in Sec. 6, 
T. 64 N., R. 3 W. There are numerous outcrops of the same 
type within fourteen miles east of this point. Most of them are 
less than one half mile from the northern boundary of the gab- 
bro (Fig. 36). Another strip of outcrops of this type extends 
across the southern part of towns 63 N., R. 3 and 4 W. 

Petrographic Character—These ores are essentially plagio- 
clase, feldspar, magnetite, and ilmenite, with minor variable 
amounts of augite and olivine. Apatite and biotite are the chief 
accessories. In thin section or hand specimen, ‘the plagioclase 
crystals are automorphic, standing out in cross section as white 
lathes against the black background of magnetite (Plate XLI.C). 
The plagioclase is a basic labradorite and has clearly crystallized 
before the magnetite. The crystals are tabular, about one half 
inch long, and lie with their shorter dimensions parallel. The 
texture is coarse-grained. The rounding of grains is not as 
characteristic a feature in this type of ore as in the included Ani- 
mikie type. The olivine, if present, has its characteristically 
rounded outline, but the plagioclases have relatively sharp angles. 

Mode of Occurrence.—It occurs in all cases as bands relatively 
high in magnetite, in a banded gabbro. The feldspars are paral- 
lel to the banding of the gabbro, which is parallel to its nearest 
contact. In many cases the dip of the band was taken by observ- 
ing the dip of the tabular feldspar crystals. The bands of ore 
grade into gabbro by decrease in magnetite, at the ends as well 
as at the top and bottom. The surface outcrops vary in length 
from a few feet to one mile. The thickness of the bands, of 
which several parallel ones may make up a single deposit, varies 
from less than one inch to about five feet. There is little data for 
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estimation of their depth. If the theory of the convection cur- 
rents in the gabbro during its cooling, as proposed by Grout,** is 
correct, these bands of magnetite gabbro may extend down the 
dip to great depths, since the convection currents are supposed 
to have moved down the dip of the gabbro parallel to its floor. 
They would then have the shape of ribbons, their length being 
parallel to the dip. Detailed magnetic readings indicate that the 
ore is not merely a surface concentration and the buried magnetic 
poles are so deep that they do not influence the dip needle. 
Titanium Content—tThe available analyses have been gath- 
ered and tabulated with the calculation of the quantity 100TiO,: 
Fe to afford a basis of comparison. (See Table II.) Some of 
the analyses were made on crude ore, others upon magnetic con- 
centrates. The ratio of iron to titanium varies considerably. 


TABLE II. 
ANALYSES OF BANDED SEGREGATIONS OF THE GABBRO COMPILED FROM VARIOUS 
Sources. 
Location. | 
: Per Cent. Per Cent. 2 
| 100 TiOs: Fe. Remarks, 
63N.| 4W. 50.43 22.02 43-7 In concentrates 
21 | 63 4 49.11 18.87 38.4 
25 | 63 4 56.62 10.00 17-7 
18 | 63 I 41.25 12.00 29.1 
7\ 63 I 33-07 10.04 30.3 
6} 64 I 37-75 21.29 56.4 Crude ore 
2and 3} 64 2 52.46 2.26 4.3 
2and 3] 64 2 58.60 13.05 24.0 
1| 64 3 40.05 22.05 55.0 as 
36) 65 3 38.87 16.80 43-2 
27 | 63 4 43-90 15.06 34.3 
36 | 63 9 50.74 11.81 23-3 Concentrates 
29 | 63 9 7.86 4:77 60.7 Crude ore 


Economic Possibilities of Titaniferous Ores in General.—It 
is not the purpose of this paper to discuss in detail results of con- 
centration tests, the objections to titanium in iron ores, or any 
other metallurgical problems which must be solved before use is 
made of these ores. It is sufficient to state that iron ores con- 


31 Grout, F. F., manuscript in preparation. 
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taining over I per cent. of titanium are objectionable.** The 
procedures suggested for their treatment include elimination of 
titanium by magnetic concentration, lowering the titanium con- 
tent by mixing them with non-titaniferous ores, smelting in 
electrical furnaces, and the production of iron-titanium alloys, 
not attempting to eliminate the titanium. Concentration tests 
have proved that it is almost impossible to reduce the titanium 
content of most of the ores sufficiently to make them econom- 
ically available. Metallographic studies** have shown that the 
titanium is present in three distinct forms: (1) in rounded crys- 
tals of ilmenite intergrown with the magnetite as is any other 
rock-forming mineral; (2) in the form of ilmenite tablets, in- 
timately intergrown with magnetite, along the octahedral part- 
ing planes of the magnetite; (3) replacing iron in the magnetite 
molecule itself. In this last case, no degree of fineness of crush- 
ing would allow of magnetic separation of the two. In inter- 
growths of ilmenite along the parting planes of the magnetite, 
metallographic investigation has shown that the crushing would 
have to be carried to such a degree of fineness as to be imprac- 
tical. Only where the ilmenite occurs in rounded grains of a 
size comparable with that of the other minerals of the ore, has 
the mechanical separation proved uniformly successful. 

In the magnetite ilmenite intergrowths, the ilmenite is arranged 
parallel to the octahedral faces of the magnetite, in tablet-like 
forms. The method of metallographic investigation is to cut 
a random section through the ore, polish the surface, and treat 
it with hydrochloric acid. The magnetite is acted upon by the 
acid and the ilmenite is not affected. This leaves a bright lattice 
work of lines which represent the intersection of the planes of 
the ilmenite tablets with the polished surface. Fig. 38 shows 
that in a random section through an octahedron of magnetite 
there are four possible directions of the lines in the lattice work. 

32 Holmes, J. A., Preface to J. T. Singewald’s “The Titaniferous Iron 
Ores in the United States,” U. S. Bureau of Mines Bull. 64, p. 8, 1913. 


33 Singewald, J. T., Jr., “ Microstructure of Titaniferous Magnetite,” Econ. 
Grotocy, Vol. 8, p. 214, 1913. 


Brunton, Stopford, “Notes on Titaniferous Magnetite,” Econ. Groxocy, 
Vol. 8, p. 680, 1913. 
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Economic Possibilities of the Minnesota Segregated Ores.— 
The foregoing facts show that regardless of the size of these titan- 
iferous deposits, they will not be available as ore for some time. 


Fic. 38. The four possible directions of ilmenite tablets in a random section 
through an octahedron of magnetite. 

Even the solution of the separation of titanium would not bring 

the Minnesota deposits into immediate importance because of 

other more important deposits elsewhere in the United States. 


Irregular Bodies of Titaniferous Magnetite. 

Introduction—The remaining two types of ore do not show 
such distinctive characteristics as those previously discussed. 
They are not banded with quartz, nor are they feldspathic, grad- 
ing into the gabbro. They appear to be highly metamorphosed 
Gunflint inclusions, but no definite statement of their origin can 
be made. 

Distribution —Most of the prospects in northeastern Minne- 
sota are irregular bodies of titaniferous magnetite. They are 
found over the entire area of the gabbro which contains iron ore. 

Petrographic Character—-The minerals are chiefly olivine, 
pyroxene, and magnetite; plagioclase is entirely absent in most 
cases. Where present it is later than the magnetite and the 
crystals are xenomorphic and small. The color of the ore is 
greenish black to black. The texture is coarse to fine granular. 
In many cases the grains are rounded. 
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Mode of Occurrence.—lIn size, the bodies vary from a few 
square feet in area to bodies three quarters of a mile long and 
250 feet in width. Most of them are aligned east and west 
though not so elongated as in the segregations of the gabbro 
already described. The ore bodies are irregular in shape and 
cut across the banding of the gabbro with sharp contacts. Horn- 
fels inclusions are almost invariably associated with these ores. 
In many cases the ore appears as a thin crust or plaster, a few 
inches thick, spreading out over an outcrop of gabbro or horn- 
fels. In some cases the hornfels and ore appear in contorted 
alternating bands as though they were both at one time plastic. 
In other cases they have a more uniformly banded, almost 
gneissic appearance. 

TABLE III. 


ANALYSES OF THE IRREGULAR Bopies oF TITANIFEROUS MAGNETITE, COMPILED 
FROM VARIOUS SOURCES. 


| er Cent. er Cent. WH . 
Fe. TiOs. too TiO: : Fe. Remarks. 
25 63 N. 10 W. 29.05 12.28 40.9 Crude ore 
36 63 Bae) 46.83 3-74 8.9 ve = 
36 63 10 44.92 15.27 34.0 
36 63 Bae) 49.40 16.30 33-0 
36 63 10 49.81 » 16.03 32.0 
30 63 9 57-45 9.55 16.6 Crude ore 
29 63 9 10.29 7.40 71.8 
14 63 9 24.17 20.52 84.9 4 ie 
2r 63 4 51.16 2.62 5.1 
21 63 4 51.40 14.73 28.7 
I 64 3 12.40 9.83 79-3 Crude ore 
I 64 3 30.72 17.18 55-9 ve 
I 64 3 34.08 21.05 61.8 
I 64 3 29.04 18.52 63-7 - ¢ 
36 65 3 51.31 20.00 38.9 Concentrates 
36 65 3 52.46 2.23 4.25 
33 63 3 56.46 11.32 20.1 Concentrates 
I 64 2 43-98 26.13 59-4 ne 
31 65 2 58.48 12.09 20.7 
7 64 I 38.42 30.37 79.0 Crude ore 
7 64 I 42.92 30.32 70.7 
5 64 I 29.49 19.48 66.0 


Titanium Content.—The titanium content of these ores is 
variable, and apparently higher than that of the ores previously 
considered. (See Table III.) 

Origin.—These ores have been called segregations of the gab- 
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bro. No one, so far as the writer is aware, has suggested that 
they are not related to the gabbro in origin. It has been sup- 
posed that the presence of titanium was sufficient in itself to 
identify them with the gabbro. Similarly, irregular bodies of 
titanic iron ore are known in other localities as segregations in 
basic intrusives.** All the minerals of the ore are those of the 
gabbro. 

However, there is considerable evidence that these deposits 
are inclusions of Gunflint iron formation, perhaps originally low 
in silica. It has been shown that the presence of titanium in a 
deposit of magnetite within the gabbro is of no use as a criterion 
in determining its origin. Undoubted inclusions of Gunflint 
iron formation have received titanium from the gabbro in con- 
siderable amount. At Little Saganaga Lake are masses of iron 
ore, identical in texture and mineral composition with these ores. 
They are unquestionably phases of the Gunflint inclusions already 
described. The same type of ore appears as a phase of the Gun- 
flint formation in place. Whereas the typical gabbro ore is a 
banded feldspar magnetite rock, conformable with the bands of 
the gabbro, and grading into it, most of these irregular bodies 
show no banding, but cut across the structure of the gabbro and 
have sharp contacts with no gradational phases, such as are men- 
tioned as characteristic of the segregations in other localities.** 
Their almost invariable association with hornfels, the meta- 
morphosed inclusions of other rocks, suggests that the origin of 
the two rocks was similar, especially since the undoubted segre- 
gations of banded feldspar magnetite ores are not associated 
with hornfels. The relative order of crystallization and abun- 
dance of the plagioclase of this ore as compared with the un- 
doubted gabbro type suggests a different origin for the two 
types. In the gabbro ore feldspar is the chief gangue mineral, 
and is earlier than the magnetite. In the type under discussion, 
the feldspar is in most cases lacking or small in amount, and 
later than the magnetite. The evidence indicates that these 


34 Lindgren, Waldemar, “ Mineral Deposits,” p. 749, 1913. 
85 [bid. 
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ores are metamorphosed iron formation rather than segregations 
of the gabbro. If they were segregations differentiated in depth, 
and later intruded into the earlier phases of the gabbro, they 
would show intrusive forms which have not been observed. 

Economic Possibilities—The possibility of future utilization 
of these ores appears to be more remote than the utilization of 
the banded feldspar type. The objection to the titanium is of 
equal force in both cases, but the chances of the extent in depth 
are more uncertain. If they are inclusions their depth is prob- 
ably small. The type of magnetic readings in the vicinity of 
these bodies indicates that this is the case. 


Dike-like Bodies of Titamferous Magnetite. 


Distribution.—These ores resemble those of the type just dis- 
cussed. They occur chiefly in the region about Iron and Tucker 
lakes, and in parts of the area south of Brule Lake. 

Petrographic Character—They have, in general, a much 
higher proportion of magnetite than the other types of ore. The 
gangue minerals are chiefly olivine and pyroxene. Plagioclase 
is very minor in amount and is xenomorphic and later than the 
magnetite. Some of the smaller dikes are almost pure magnetite 
(or titaniferous magnetite). The texture is granitoid and in 
many cases the grains are rounded. 


TABLE IV. 


ANALYSES OF THE DIKE-LIKE BoplEs oF TITANIFEROUS MAGNETITE, COMPILED 
FROM VARIOUS SOURCES. 


Location. 
Per Cent. Per Cent. eS 
| | 2. Fe. TiOs, roo TiQOz: Fe. Remarks. 
19 | 64 N. 6 W. 46.50 29.80 64.1 
15 64 6 40.80 2.31 S.7 


Mode of Occurrence.—In length the outcrops of dikes vary 
from less than one foot to probably 20 feet, and in thickness 
from less than one inch to a few feet. The dikes finger out into 
hornfels and there are irregularly shaped branching forms. 

The relationship to the hornfels, invariably associated with 
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them, is clearly intrusive (Fiate XLI.B). The contacts with the 
wall rock are sharp and the dikes run in various directions with- 
out regard to gabbro structure. Inclusions of hornfels and gab- 
bro are numerous. These inclusions are in most cases rounded 
(Plate XLI.A). 

Titanium Content.—The analyses are of samples of bodies of 
small size and show a great variability of titanium. 

Origin.—The origin of these ores is similar to the type last 
discussed. Dikes of titanic iron ore are not uncommon in basic 
intrusives and are usually regarded as having been segregated in 
depth, and then injected into the earlier crystallized rock.** The 
intimate association of these magnetite dikes in the Duluth gab- 
bro with hornfels suggests that they are derived from inclusions 
which were brought to the point of fusion by the heat of the 
gabbro. 

If the magnetite dikes were differentiates of the gabbro, they 
would represent an immiscible liquid in the molten silicates. But 
the banded feldspar ores show that feldspar was in excess in the 
gabbro magma. Plagioclase clearly crystallized first. It is diffi- 
cult to understand how magnetite, being in such small propor- 
tions to the feldspar as to reverse the normal order of crystal- 
lization, could at the same time form an immiscible liquid with 
no feldspar in it. Newland*’ suggests in explanation of this 
reversal of the normal order that the magnetite separated first as 
an immiscible liquid, and after the gabbro proper had solidified, 
the magnetite separate was shot into it, catching up fragments 
of solid material during its upward progress. These fragments 
would give the appearance of a reversal of the normal order of 
crystallization. This explanation will not hold for the Minne- 
sota rocks. The plagioclase which is associated with the magne- 
tite is not fragmental. The usual explanation advanced as a 
reason why one mineral crystallizes before another, is that at 
some temperature (below the fusion point of the mineral in 
question), the magmatic solution becomes saturated with it, and 

36 Lindgren, Waldemar, loc. cit. 


37 Newland, D. H., “Geology of the Adirondack Magnetic Iron Ores,” N. 
Y. State Museum Bull. 119, pp. 152-153, 1908. 
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EXPLANATION TO PLATE XLI. 


Fic. A. Dike of magnetite; with inclusions of gabbro and hornfels. Iron 
Lake, Minn. 

Fic. B. Relation of magnetite stringers to the hornfels. Iron Lake, Minn. 

Fic. C. Automorphic plagioclase in magnetite, one half size. 


Polished surface of banded galena ore (Fig. 23) showing irregular, fractured 
nature of tetrahedrite and sphalerite inclusions. (X 2.) 


VoL. 


Economic GEoLoey. 


PLATE XLI. 


‘ 
A. 
B. 
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as a result, it crystallizes. This was the case with the plagioclase. 
It crystallized before the magnetite; hence the proportion of 
magnetite must have been small. On the other hand, if magne- 
tite (with some olivine and pyroxene) separated as an immis- 
cible liquid, it must have been in excess. The two conditions in 
the same magma apparently are incompatible. The writer sug- 
gests the following as an explanation of the segregations and 
dikes: The gabbro magma had such a low content of magnetite 
that the other minerals, particularly plagioclase, crystallized first. 
Convection currents, which were prominent during the crystal- 
lization of the gabbro,** caused the earlier products of crystal- 
lization to be carried to the bottom of the chamber for final 
deposition. Thus the gabbro at the bottom is not at all rich in 
magnetite. Then came a period in the crystallization when the 
magma became saturated with respect to magnetite and it also 
began to crystallize, and was carried toward the bottom of the 
mass by the convection currents, together with many of the still 
unlodged automorphic crystals of plagioclase of the previous 
period. Thus, some little distance from the northern boundaries 
of the tongues of the gabbro are bands of the plagioclase mag- 
netite rock grading into gabbro. The period of crystallization 
of the magnetite was relatively short, as is evidenced by the nar- 
rowness of the bands. Bands high in magnetite occur in a zone 
only a few hundred feet thick, measured perpendicular to the dip. 

In the case of the dikes some of the pieces of iron formation 
which are known to have been included in the gabbro were prob- 
ably heated to a temperature high enough to melt the magnetite 
which they contained. Magnetite has a melting point lower than 
that of most rock-forming minerals. It melts at 1225° C., while 
ilmenite, labradorite, and olivine (poor in iron) melt at 1450°, 
1475°, and 1750°C. respectively. Daly*® states that the surface 
temperature of the lava of Mauna Loa may be as high as 1300° C. 
and that the melting point of basalt, about 1100° C., may be ex- 
ceeded by 200° or 300°C. Therefore it is not impossible that 


38 Grout, F. E., manuscript in preparation. 
39 Daly, R. A., “Igneous Rocks and their Origin,” pp. 210, 212, 258, 1914. 
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the magnetite of some of the inclusions would be fused, and the 
whole inclusion become pasty. The contorted smeary appear- 
ance of some of the hornfels indicates that it had been rendered 
semi-liquid. We may imagine, then, an inclusion which had be- 
come a softened viscous body, still keeping enough coherence to 
prevent it from being swept entirely away by the convection cur- 
rents of the gabbro, thus losing its identity. Part of the liquid 
magnetite would undoubtedly be assimilated by the gabbro, but 
some of it within the body of the inclusion might filter out into 
small local chambers, surrounded on all sides by the semi-molten 
hornfels, and on further cooling be forced into the solidified 
hornfels and gabbro in its vicinity, as dikes, such as are shown in 
Plate XLI.B. The high content of titanium which some of these 
bodies have is easily explained by emanation or diffusion from 
the gabbro. Ilmenite and magnetite are soluble, in the liquid 
state, over a large range of proportions, judging from the inter- 
growths of the two minerals which are found. The solubility 
of ilmenite in the silicate magma was probably small. The 
transfer of ilmenite to the softened inclusion would simply be a 
matter of diffusion of a substance from solution in one liquid to 
another liquid in which it is much more soluble. 

Economic Possibilities —Most of the dikes and stringers which 
have been considered as prospective ore bodies are too small for 
serious consideration. The possibility that they lead to large 
bodies of ore underneath the surface, as has been suggested by 
various private reports, is too unlikely to warrant further ex- 
penditure upon them at present. Even though larger bodies 
might be found, the objections which have been advanced for 
the other deposits would still operate to prevent their profitable 
exploitation. 

SUMMARY. 


Inclusions of the Gunflint iron-bearing formation in the 
Duluth gabbro are much more numerous and extensive than has 
hitherto been supposed. The gabbro has developed certain types 
of contact-rocks along its northern boundary, whose character- 
istics are noteworthy in the study of similar rocks found within 
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the gabbro. One of these contact types is a fine-grained horn- 
fels, which Winchell named muscovadite. It is formed by the 
contact alteration of slate, conglomerate and basalt. Many areas 
of a similar hornfels, within the gabbro mass, are regarded as 
being chiefly metamorphosed inclusions of these rocks. Another 
contact type is developed by metamorphism of the Gunflint iron- 
bearing formation, which is changed to banded quartz magnetite 
rocks with pyroxene and fayalite in variable amounts. Where 
quartz is lacking, the coarse fayalite pyroxene magnetite aggre- 
gates bear such a close resemblance to igneous rocks that they 
have been mistaken for peripheral phases of the gabbro. Many 
bodies of magnetic ore within the gabbro, formerly regarded as 
magmatic segregations, are shown to be more probably inclu- 
sions of these less siliceous phases of the Gunflint formation. 
There is some evidence that the gabbro has assimilated material 
from the inclusions, and that there has been fusion of some of 
the included materials, particularly magnetite. 

The several types of magnetic ores within the gabbro are: 
inclusions of Gunflint iron formation, segregations of the gab- 
bro, and other bodies whose mode of origin is less certain. The 
generally accepted distinction of inclusions of Gunflint forma- 
tion and segregations of the gabbro, on the basis of the presence 
or absence of titanium or quartz bands, is erroneous, it being 
shown that the inclusions contain titanium in varying amounts, 
and that they are not in all cases banded, nor quartz-bearing. 
The ores are classified and discussed under the following head- 
ings: 

. Inclusions of banded Gunflint iron formation. 
. Banded segregations of the gabbro. 

. Irregular bodies of titaniferous magnetite. 

. Dike-like bodies of titaniferous magnetite. 

The banded inclusions are easily recognized, being essen- 
tially the same as the types developed by the contact metamor- 
phism of the Gunflint iron formation. They are banded quartz 
magnetite rocks, with variable amounts of pyroxene and olivine. 
Quartz may be absent in parts of these inclusions, as in parts of 
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the Gunflint iron formation which at the contact have been mis- 
taken for peripheral phases of the gabbro. Analyses show that 
there is a variable amount of titanium in these ores. Since the 
Gunflint formation is almost non-titaniferous, it is certain that 
the gabbro gave up titanium to the inclusions. 

The magnetites which are certainly segregations occur as nar- 
row bands grading into the gabbro. The chief gangue mineral 
is plagioclase, which crystallized before the magnetite. These 
segregations have a high titanium content. 

The irregular bodies of titaniferous magnetite do not contain 
the quartz which is characteristic of the recognizable Gunflint 
inclusions, nor do they contain plagioclase, which characterizes 
the segregations of the gabbro mentioned above. The gangue 
minerals are chiefly olivine and pyroxene. In most cases these 
deposits show structures that do not conform to those of the 
gabbro. They are associated with hornfels and the titanium con- 
tent is high. The evidence suggests they are inclusions of that 
phase of the contact metamorphosed Gunflint formation which 
after recrystallization has no quartz. The titanium may be ac- 
counted for as derived from the gabbro. 

The dike-like bodies are invariably associated with the horn- 
fels, intruding it and containing inclusions of it. They re- 
semble most closely the type last discussed, and their origin is 
probably the same It is belived that they are small inclusions 
of the Gunflint iron formation, in which the magnetite was 
fused by the gabbro, the remainder of the inclusions forming the 
hornfels. The fusion would not be difficult, since the inclusions 
were surrounded by a magma at a temperature above the melt- 
ing point of magnetite. 


NOTES ON THE TECHNIQUE OF MINERAGRAPHY. 
W. L. 


INTRODUCTION. 


Since the application of the metallographic microscope to the 
problems of ore deposition, few contributions have been made 
to the literature upon the technique of the study of opaque min- 
erals in reflected light. Early papers, though treating the sub- 
ject at some length, have in the rapid advance of the science be- 
come chiefly of historical interest. Later publications have 
considered this phase of the study so briefly that the beginner or 
the experienced investigator who desires to perfect his practice 
is beset with many difficulties and must devise his methods nearly 
unassisted. Such a condition of affairs is not only to some ex- 
tent a detriment to the development of a new science, but it is the 
cause of the pursuance of much investigation in fields already 
covered—in a word, of wasted effort. 

In explanation of this want of available information upon 
mineragraphic technique lack of knowledge can not be postu- 
lated. Murdoch’ already has admirably treated one aspect of 
the subject, that of identification of minerals, and has listed a 
complete bibliography of early investigations. Ray? has dis- 
cussed the matter briefly and Bastin? has added a few hints of 
his methods to a review. But many investigators of min- 
eragraphy have remained silent. Dr. Laney, Professor Graton, 
Professors Tolman and Rogers, Professor Emmons and others 
could no doubt add much to the present knowledge of methods 
in the study of ores. 

In the present contribution it is, therefore, not intended to 
consider exhaustively the technique of mineragraphy. Some 

1 Murdoch, Joseph, “ The Microscopical Determination of the Opaque Min- 
erals,” John Wiley & Sons, 1916. 


2 Ray, J. C., Mining and Scientific Press, June, 1914, p. 922. 
3 Bastin, E. S., Economic Grotocy, Vol. XI., No. 7, 1916, p. 601. 
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phases of the subject have already been well treated; others will, 
no doubt, be elucidated more clearly in the future. The purpose 
of this paper is to present merely the experience of the Laboratory 
of Economic Geology of the Massachusetts Institute of Tech- 
nology in the preparation and study of polished sections of ores 
with some similar experience of the Secondary Enrichment Labo- 
ratory of Harvard University subsequent to the work of Dr. 
Murdoch, to add somewhat to the knowledge of mineragraphic 
technique, but above all, it is hoped, to provoke criticism and 
discussion. 
PREPARATION OF THE SPECIMEN. 


Methods so far described of preparing specimens of ores for 
study with the reflecting microscope are similar to those in use 
among metallographers. Campbell, Ray,®> and Murdoch® have 
presented descriptions of grinding and polishing apparatus iden- 
tical with that of metallography. Ores, however, are in their 
physical characteristics quite different from metals. The speci- 
men of the former is usually an aggregate composed of minerals 
that often vary in hardness from a maximum much harder than 
steel to a minimum approaching the softness of the finger nail. 
The metals, on the other hand, rarely present a specimen of 
greatly varying hardness. The metallographer rarely, if ever, 
meets with a substance as hard as one of the commonest constit- 
uents of ores, pyrite. Metals are more ductile and less brittle 
than the sulphides; their crystals seldom have the pronounced 
cleavage which is a source of unending difficulty in the polishing 
of ores and, though their structures are at times complex, the 
metals seldom approach in this respect the intergrowths of 
opaque minerals. In consequence of these differences between 
ores and metals, the apparatus of metallography for grinding 
and polishing has proved wholly inadequate for precise work 
with ores. 

To eliminate the defects in ore sections ground and polished 

4 Campbell, W., Economic Geoxocy, Vol. I., 1906, p. 751. 


5 Ray, J. C., loc. cit. 
6 Murdoch, J., loc. cit. 
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in the older and simpler way, new methods radically different 
from the metallographic have been demanded. Variations in 
hardness causing the development of the high relief that obscures 
contact relations and of persistent scratches in hard minerals 
have had to be overcome. Brittleness and cleavage efficient in 
the formation of pits and cracks have presented a problem for 
solution. The minute intergrowths common in sulphide ores 
have in the development of marginal cracking added to the diffi- 
culty. And, as might be expected, to solve these more complex 
conditions, more complex methods have had to be devised. It 
can no longer be stated with Murdoch that “a section may be 
polished in 6 or 7 minutes”; but though more time and more 
machinery are demanded, unique mineragraphic methods of 
grinding and polishing ores are justified by their results. 

To design apparatus that will give satisfactory results, it is 
necessary to know something of the principles involved in grind- 
ing and polishing. In grinding upon a plane metal lap wheel, 
for instance, the abrasion is produced by grooves cut in the speci- 
men by the particles of emery, carborundum or similar powder. 
These grooves will be deeper in the soft than in the hard sub- 
stances; but as the size of the abrasive particles is decreased this 
difference in depth of grooves will approach zero (Fig. 39). The 


Lap Lap 
Fic. 309. Fic. 40. 


plane of abrasion, which is the upper surface of the grains of 
powder, will as the size of grains decreases approach the plane 
of the wheel or a true plane. It is evident, therefore, that final 
grinding, from such consideration, should be by a very fine pow- 
der. It would seem that the effects of brittleness and cleavage 
are due to impact of abrading grains upon the surface during 
grinding. By scattering the impact, or in other words, by using 
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a fine powder for grinding, these effects should be eliminated. 
Here is another reason on theoretical grounds for using fine 
abrasives. Where soft polishing cloth is used it would seem the 
condition depicted in Fig. 40 would occur. The soft cloth belly- 
ing up might be very efficient in the formation of relief and 
irregularity of the surface. In this case the substitution for 
soft polishing cloth, like broadcloth or felt, by a hard textured 
cloth, as linen, would be indicated. While such inferences based 
wholly upon a theoretical consideration must be substantiated by 
proof from practice, they are often of great service in the solu- 
tion of problems. 

The methods of grinding and polishing to be described here 
are based not only upon such inference from theory but as well 
upon their applicability to actual practice. They are the result 
of four years’ experience in the laboratories of the Massachu- 
setts Institute of Technology, of communications from the late 
Fred C. Ohm, of the U. S. Geological Survey, and of evperiment 
in the laboratory of the Secondary Enrichment Investigation of 
Harvard University. Though their refinement may seem unnec- 
essary for routine work, they are required in the utmost delicacy 
of their manipulation for high magnification examinations and 
for satisfactory results in photomicrography and are often indis- 
pensable even for ordinary examinations. They are the methods 
in use at present at the Massachusetts Institute of Technology 
and are strongly recommended for application elsewhere. 


METHOD OF GRINDING. 


As a preliminary to grinding the cutting of the specimen by a 
diamond saw is desirable. A diamond saw 10” in diameter 
driven by a horizontal %-horse-power, 800 R.P.M., 110-volt 
shunt motor is used. The saw is belted to give a speed of 1,600 
R.P.M. In a few minutes an approximately plane section 
oriented as desired can be cut. Thin sections of known location 
can easily be made from the duplicate plane. As an alternative 
to this method, where large specimens must be preserved nearly 
intact, a 7%’’ core may be obtained by the use of a small labo- 
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ratory diamond drill made by the International Instrument Com- 
pany, of Cambridge, Mass. This core may be cut by the saw 
to give a section in any location in the three dimensions of the 
specimen. 

Grinding is accomplished in two stages. Both lap-wheels are 
horizontal and mounted upon a cast-iron grinding bench. They 
are driven at a speed of 210 R.P.M. by belting below the bench. 
This belting through a pulley at the end of the bench is connected 
by belt to a one-horse-power horizontal shunt motor operated at 
a speed of 960 R.P.M. by direct current at 110 volts. 

The first stage of grinding is upon a horizontal steel lap- 
wheel 10” in diameter. The grooves from the diamond saw 
may be obliterated in a short time upon this wheel by the use of 
No. 150 emery with water. A rough specimen will take some- 
what longer with perhaps in the beginning a coarser grade (No. 
90) of emery. The steel lap at this stage need not be an accu- 
rate plane and the abrasive is optional. Carborundum crystolon 
or alundum of the proper grade may be substituted for emery. 
This grinding is essentially rough preparation for the more care- 
ful work to come. 

The second stage of grinding is upon a horizontal, accurately 
planed copper lap-wheel 10” in diameter. The specimen, after 
careful washing, is applied to the wheel, which is used wet with 
an emery abrasive of the grade No. 303% supplied by the Ameri- 
can Optical Company, of Southbridge, Mass. This grade is 
specially prepared emery and is believed to be the finest pow- 
dered abrasive obtainable on the market. It, and the lap at this 
stage, should be very carefully protected from contamination by 
coarser powders. Grinding at this stage may be, when hard 
minerals are present, a tedious process, but it should be continued 
until this part of the preparation is complete. The grinding here 
is designed to leave the specimen with an accurately plane sur- 
face free from scratches, large pits, cracks or relief. The sur- 
face will be found to be covered with innumerable microscopic 
pits which give the surface a dull luster and which the later 
processes of polishing are to remove. 
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METHOD OF POLISHING. 


The first three stages of polishing are conducted upon three 
eight-inch steel lap-wheels, mounted horizontally upon a wooden 
framed bench. The wheels are held upon the shaft, which pro- 
jects through the wheel, by a hexagonal nut working against a 
small circular steel plate. This steel plate serves to hold the 
polishing cloth at the center; an annular brass ring performs like 
service at the periphery of the lap. The vertical shafts are direct 
driven by individual shunt motors at 110 volts. The first two 
wheels are driven by %-horse-power motors at 1,000 and 1,800 
R.P.M., respectively, the third by a %4-horse-power motor at 
1,000 R.P.M. 

The plane ground specimen after washing is applied to the 
first polishing lap. The lap is covered with coarse linen and re- 
volves at 1,000 R.P.M. The powder used is No. 303% emery, 
the same as in the last process of grinding. The surface should 
be lightly touched upon the revolving lap and should be turned 
during the polishing. This stage is for the purpose of polishing 
roughly the hard minerals, as pyrite, magnetite and hematite. 
When such hard minerals are absent it may at times be omitted. 

The second stage polishing lap, upon which the process is con- 
tinued after careful cleaning of the surface of the specimen, is 
covered with coarse linen and revolves at 1,800 R.P.M. Zucker 
rouge or, better, roughly levigated green chromic oxide is used 
as a polishing agent. A few moments upon this wheel usually 
suffices to give a polish to all the minerals contained in an ore 
section. 

The last lap revolving at 1,000 R.P.M. and covered with fine 
linen is fed with carefully levigated green chromic oxide, floated 
Zucker rouge or alumina. Excellent results may be obtained 
with any of these powders. The specimen is held upon this 
wheel only long enough to give a gloss to the surface. 

The final stage of polishing is accomplished upon French calf 
skin stretched tight over a plane surface of wood or metal. No 
powder is used during the process and the skin must be carefully 
kept free from dust or grit. Here the rouge or other powder 


| 


TECHNIQUE OF MINERAGRAPHY. 703 


adhering to the surface is removed and the specimen receives its 
complete preparation for examination. 

The abrasives and powders for grinding and polishing can be 
obtained usually of satisfactory quality upon the market. Very 
fine emery’ of the grade No. 30334 may be obtained from the 
American Optical Company, Southbridge, Mass., as noted above. 
Fine floated rouge is furnished by the George Zucker Company, 
Newark, N. J., and may be used without further preparation. 
Alumina for polishing is sold by the Scientific Materials Com- 
pany, Pittsburgh, Pa. The green chromic oxide (Cr.O,) is, 
however, only to be obtained in a form quite unsuited to fine 
polishing and must be prepared for use. The product sold by 
Simmons and Elting, 93 Nassau Street, New York City, is levi- 
gated by shaking with water and allowing the coarse particles to 
settle during a period of fifteen minutes. The water, with its 
suspended content of oxide, is then decanted and allowed to settle 
over night. The oxide separating during the first fifteen min- 
utes is used for the second stage of polishing, that from the de- 
canted liquid is suitable for the final stage of the process. 


TABLE I. 


PREPARATION OF THE SPECIMEN. 


| 
| Power 
Stage. Abrasive. Lap. |R.P.M. 
Preliminary. Diamond Saw. | 1,600. | 3H. P. 

| 
Grinding 1..... No. 150 emery | 10 in. iron 21I0| 1H.P 
No. 303} emery | 10 in. copper (plane) 210| 1H. P 
Polishing 1... .. No. 3034 emery 8 in. coarse linen 1,000 | }H.P 
Rouge, chromic oxide | 8 in. coarse linen 1,800; }H.P 
Rouge, chromic oxide, | 8 in. fine linen 1,000 | +H. P. 

alumina | 
Bocas None French calf skin on plate By hand 


THE MICROSCOPE. 


Microscope equipment for the study of polished sections has 
been described by Murdoch,® and in examinations with 32 mm., 


7 The use of carborundum and its method of preparation is described briefly 
by C. F. Tolman, Jr., and A. F. Rogers, “ A Study of Magmatic Sulfid Ores,” 
Stanford University Press, 1916, p. 76. 

8 Loc. cit. 
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16 mm., and 4 mm. objectives such equipment is useful for rou- 
tine work and for determinative purposes. Daylight or any 
small artificial illuminator may be used with this microscope. 
Comprehensive research in the field of mineragraphy, however, 
requires equipment more elaborate than that of Murdoch. Pho- 
tomicrography and examination with high magnification entail 
many refinements of adjustment which are impossible with ordi- 
nary instruments. 

Of first importance in the construction of a precise minera- 
graphic microscope is the foundation. The various parts may 
be fastened to a bench or narrow table, as in the microscopes 
made by the Scientific Materials Company, and by Sauveur & 
Boylston, but are believed best supported when attached to a 
rigid beam which may rest upon any table. Each unit of the 
Leitz microscope rests upon a heavy continuous steel bar of an 
A cross section. Such construction minimizes vibration. 

The source of light even for great magnification should be of 
small dimensions. Filament lamps, notably the nitrogen lamp, 
are satisfactory; but the illuminator producing best results is the 
direct current arc light. Large carbon arcs are, however, quite 
unusable and a 5-ampere light burning 6 mm. and 8 mm. carbons 
is advised. Clockwork or hand adjustment of the carbons seem 
to be equally good. 


Fic. 41. Scheme of Leitz metallographic microscope. 


The light from this source (A, Fig. 41) must be concentrated 
before entering the microscope and for this purpose a simple lens 
(C) is placed before the lamp. A lens, 2 or 3 inches in diame- 
ter, which will bring the cone of light to a point about one foot 
away is proper. To regulate the size of the cone of light enter- 
ing the microscope two iris diaphragms are placed in its path. 


ject 
B 
H 


j 
- 
| 
: 
= 
: 
4 


PLATE XLIII. Economic Geotoey. VOL. XIl. 


Sauveur and Boylston Metallographic Microscope. 
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One (D) working to the size of the converging lens is placed 
next it. The second (D’), perhaps one half inch in diameter, is 
found at the entrance of the collimating tube of the illuminator 
and 2 to 3 inches from the reflector. This latter diaphragm 
(D’) is upon the Leitz microscope in focus with the surface 
under examination and regulates the size of the image when it is 
desired smaller than the field: The diaphragms (D and D’) are 
of great importance in the illumination and precise work can 
never be done without their use. 

At the end of the collimating tube, opposite to that of the small 
iris diaphragm (D’), a small simple lens (£) is placed. This 
lens, 34—™% inch in diameter, collimates the cone from the large 
converging lens and projects from a distance of about % inch 
parallel rays upon the reflector (F). This small lens is perhaps 
the most indispensable device in a high-power reflecting micro- 
scope. 

The reflector (F) may be of the glass-plate type or may con- 
sist of a total reflecting right-angled prism. The glass plate, 
about the thickness of a cover glass, is generally used and is re- 
quired for high-power examinations. It turns the parallel rays 
from the collimator through a right angle to the objective. 

The light passes through the objective to the surface under 
examination. Upon reflection from this surface the rays return 
ordinarily through the objective (G), the glass-plate reflector 
and a metal mirror (#) to the sliding ocular tube (J). 

For photographing a surface the prism or metal reflector of J 
is often withdrawn from between the ocular (J) and the reflector 
(H). The rays are then not turned at right angles but pass 
perhaps through a photographic ocular (J) to a horizontal 
camera. 

In this route from the source to the eye or photographic plate 
at the points described the light rays are affected by important 
changes. Well-constructed lenses, objectives, oculars, and re- 
flectors should be used. Three of the attachments, however, are 
essential to the proper adjustment of the microscope. They are 
the source (4), the iris diaphragms (D and D’) and the collimat- 
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ing lens (EZ). Extreme care that they are present as described 
and properly adjustable in a reflecting microscope is well repaid 
in results. 

The above descriptions are based upon experience with the 
large Leitz metallographic mircoscope (Plate XLII.) and the 
Sauveur & Boylston latest type reflecting microscope (XLIII.), 
which are the only instruments of proper design known to 
the author. The construction of a similar instrument where 
they are unobtainable should present, howéver, neither a dif- 
ficult nor an improper problem, as they embody identical prin- 
ciples of optics. The source (A) and diaphragms (D and D’) 
should be movable in two dimensions perpendicular to the axis 
of the instrument and the source with its diaphragm and lens 
may well be adjustable also in the direction of this axis. The 
reflector (F) should turn about a horizontal axis perpendicular 
to the line of the illumination and should also be movable a short 
distance along this line within the microscope tube. All other 
attachments should be fixed. With these items in mind, one can 
by the use of some care and a good microscope construct a work- 
able reflecting instrument; but for the highest class of work the 
obtaining of one of the metallographic microscopes mentioned 
above is advised. 


IDENTIFICATION OF MINERALS. 


The determination of opaque minerals has been exhaustively 
and admirably considered in Murdoch’s® treatise upon this sub- 
ject. Later work involving the use of his tables has, however, 
offered a few additions which are to be here presented. 

In the study of silver minerals, Bastin’® has found two re- 
agents additional to those used by Murdoch to be of use. Quot- 
ing this reference, 

A saturated solution of mercuric chloride . . . is useful to bring out 


the contrast between the common base metal sulphides and silver sul- 
phides and sulpho salts associated with them, for it attacks the former 


8 Loc. cit. 
10 Bastin, E. S., Economic Groocy, Vol. XI., 1916, p. 603. 
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slowly or not at all, while rapidly producing a brown tarnish on argen- 
tite, polybasite and pyrargyrite. It-is useful further in contrasting 
pyrargyrite and polybasite in mixtures of the two, for on short treat- 
ment’ pyrargyrite tarnishes pale brownish yellow, and polybasite a 
pronounced brown. The second reagent is commercial hydrogen perox- 
ide which slowly tarnishes galena brown but affects few other minerals. 
This reagent is particularly useful in differentiating galena from argen- 
tite, polybasite, pyrargyrite and other silver minerals with which it is 
frequently associated, the silver minerals being unaffected. 


A method of identification of silver minerals used by the au- 
thor has been called “light etching.”!! . Several of these min- 
erals, notably argentite, pearceite, polybasite, and stephanite, re- 
act with light in a manner affording easy means of identification. 
Others giving reactions more obscure are, nevertheless, affected 
typically. 

Miargyrite, stromeyerite, cerargyrite, other halides, silver amal- 
gam, dyscrasite and native silver are not altered when exposed 
in polished section to the unscreened light of the large Leitz mi- 
croscope for ten minutes with the concentration of the Ye oil 
immersion objective. Under such conditions, those always used 
by the author in “light etching,” pyrargyrite after ten minutes 
is slightly changed in color, the surface showing a little increase 
in the reddish reflections, but the polished surface is essentially 
unaltered. Freibergite is mottled after one or two minutes; 
parts of this mineral are unchanged, parts are pitted in the man- 
ner typical of argentite or perhaps of polybasite. Proustite after 
one minute’s exposure at times shows a very few bright yellow 
dots upon the surface, at times shows none. It isalways changed 
to a seeming yellowish color by five minutes’ exposure, but its 
reaction with light is slow. 

More marked effects, however, are observed with stephanite, 
pearceite, polybasite and argentite. Stephanite takes on a yel- 
lowish mottled color usually within two minutes of exposure. 

11 Since the preparation of this manuscript descriptions of certain of the 
light etching effects and of the microchemical tests have come to the attention 
of the author. These were published by N. F. Guild, “A Microscopic Study 


of the Silver Ores and their Associated Minerals,” Economic Grorocy, Vol. 
XII., No. 4, June, 1917, p. 316 and pp. 334-338. 
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The final effect is a surface largely unaltered but with scattered 
areas of yellowish color due to many minute yellow dots. Pear- 
ceite within ten seconds shows a few scattered round specks of 
black, which change to yellow upon further exposure. Even 
upon long exposure these dots do not become numerous nor do 
they merge. Polybasite after fifteen seconds is spotted with 
many small dark specks and becomes covered within a minute 
of exposure with gray or grayish yellow dots more numerous 
and more minute than those seen upon a pearceite surface. The 
etching upon this mineral in two minutes after exposure seems 
to fade somewhat. Argentite, the mineral most affected by 
light, becomes speckled with many bright yellow dots within 
15-30 seconds of exposure. These dots forming first along 
scratches upon the surface at times give a reticulate appearance 
to the etching. At the end of a minute the surface is completely 
covered with dots, perhaps pits, and is colored dark brown-red 
to black. The reactions thus vary greatly in intensity with the 
various minerals, but are, even when obscure, quite typical for 
each mineral. In each case described, as well as where negative 
results were obtained, the determinations were made repeatedly 
upon surfaces polished upon well-identified and usually well- 
developed crystalline material. 


TABLE II. 

Mineral. 15 Sec, go Sec. x Min. 2-5 Min. 
Proustite. ... Few yellow dots |Yellowish color 
Stephanite ../Yellowish mottled/Same Same Scattered areas of 

yellow 
Pearceite....|Few scattered|/Same Few _ scattered|Same 
small black dots yellow dots 
Polybasite...;.Minute dark/Same Gray speckled intense than 
specks all over argentite. 
Fades after ex- 
posure 
Argentite....,;Many yellow/Specks increase|/Black to brown- 
specks along; and growdark| red all over 
scratches 


When it is desired to identify very minute particles of a min- 
eral not affected by these light reactions, a method for applying 
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the chemical reagents to a polished surface at the high magnifi- 
cations of the Leitz No. 5 and No. 7 objectives has been found 
to be of service. A thin cover glass is placed over the objective 
and on the center of it a small drop of the reagent to be applied 
is deposited with a slender glass rod. The polished surface on 
the stage is lowered by means of the coarse adjustment until the 
drop comes in contact with the surface. Surface tension then 
catches up the cover glass and holds it in place separated from 
the surface by a thin film of the reagent solution. The reaction 
may be studied at leisure by focusing with the fine adjustment 
and at all times the objective is protected from acids or other 
corroding reagents by the cover glass. Such a method of apply- 
ing etching reagents for high-power study of small particles no 
doubt may be used with any microscopic equipment. 

The method of application of reagents for etching polished 
minerals at low magnifications may also be somewhat changed 
to advantage from that used by Murdoch. Bastin’? has de- 
scribed an excellent mode of etching by applying “the reagent 
with a strip of soft white blotting paper about two inches long 
and one half inch wide, usually slightly tapered at one end. The 
tapered end is moistened with the reagent and the part of the 
speciment to be tested is swabbed lightly with it. The progress 
of the tarnishing can be closely observed under the microscope 
and quickly checked by blotting with the dry end of the strip, or 
in the case of strong reagents, by washing.” The capillary tubes 
used by the author have been drawn out to long, tapering ends, 
so that very small drops of the reagent may be, when necessary, 
applied. The large open end of the tube is closed by a rubber 
cap similar to that used on a fountain-pen filler and thus great 
delicacy of manipulation has been made possible. 

The containers of reagents have been found of importance. 
The strong acids and aqua regia tend to give off fumes harmful 
to the microscopes usually placed in the room with them. Bot- 
tles of about go c.c. capacity with a glass stopper to which is 
sealed a pointed glass rod penetrating the solution and with a 


12 Loc. cit., p. 692. 
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covering glass bell fitted by a ground joint to the outside of the 
neck are used for all reagents. These “dropping bottles” are 
easily obtained from any maker of chemical glassware, and 
effectually prevent the escape of fumes from the reagents into 
the room. 

Identification of opaque minerals by colors, characteristics of 
hardness, cleavage of polished surfaces, and by the chemical 
effects of reagents applied have been found to give results often 
obscure. In consequence it is desired to add a word emphasiz- 
ing the importance of mineralogic checks to such identification. 
Small pieces of a mineral may usually be gouged from the sur- 
face by an old dental pick and submitted to blowpipe or chemical 
means of definite identification. Microchemical reactions pro- 
ducing typical precipitates’? may also be carried out upon pol- 
ished surface or with small fragments of a mineral. The use of 
these methods for proving etching tests upon a mineral is es- 
sential. 

PHOTOMICROGRAPHIC PROCEDURE. 


Photomicrography is a phase of primary importance in min- 
eragraphy. The illustration of descriptions of mineral relations 
in the polished section greatly facilitates visualization by the 
reader and often enables him to-interpret these relations in a 
manner different from that of the author, thus stimulating dis- 
cussion. While no doubt many are skilled in the photography 
of polished sections as is well shown by the excellent illustrations 
abundant in the late technical literature, few descriptions of 
methods are available. The matter will, therefore, be here 
treated in some detail. 

The preparation of the specimen for photomicrographs must 
be made with much greater care than for mere examination. 
Scratches and pits show glaringly in a photograph and should be 
essentially absent. Relief is to be avoided and the surface to 


13 Chamot, E. M., “ Elementary Chemical Microscopy,” John Wiley & Sons, 
New York, 1915, pp. 273-383. This book is valuable also for its discussion of 
metallurgical mjcroscopes. 

Behrens, H., “ Mikrochemische Technik,” 1900. 
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TABLE III. 


MicrocHEMICAL TEsTs.14 


Metal. 


Reagent. 


Precipitate. 


Remarks. 


Arsenic... ... 


Silver nitrate 


Lemon yellow 


Solutionin HCl. Arse- 
nic must be as arsenite 


Antimony. ..| Cesium chloride Hexagonal plates 


Bismuth . .. .| Cesium chloride Rhombic plates 

COBB. 2 Ammonium mercuric | Dark blue prisms Neutral or slightly acid 7 
sulphocyanate (acetic) solution 
Copper ..... Potassium ferrocya- | Amorphous red brown | Acetic acid solution 7 
nide 
TE ee Thallium nitrate Citron yellow needles | Solution must be strong % 
and neutral = 

INT Se oo Potassium ferrocya- | Dark blue sol. in alk. | Much Cu interferes 


nide 


Leads: 2354 Potassium iodide Bright yellow hex. Slightly acid (nitric) so- 
plates lution 

Manganese . .| Potassium chromate | Yellow brown crystals | Solution neutral 

Mercury ....| Potassium iodide Mercuric-vermilion Reagent added solid 

Mercurous-amorphous 

bright yellow 

Nickel...... Dimethyl glyoxine Acicular magenta col- | In ammoniacal solution 
ored 

Selenium... .| Potassium iodide Powdery brown red HCI solution of sele- 

nates 

ea Hydrochloric acid Amorphous white sol- | Nitric acid solution 
uble in 

Sulphur..... Calcium acetate White needles of CaSOs | Nitric acid solutions of 


Tellurium ... 


Titanium ... 


Uranium.... 


Vanadium... 


Cesium chloride 
Cesium chloride 


Rubidium chloride 


Sodium acetate 


Silver nitrate 


Citron yellow octa- 
hedra 

Colorless octahedra 
and cubes 

Hex. and octagonal 
plates 


Tetrahedions light yel- 
low 
Pointed yellow grains 


sulphides give sul- 
phates 

HC! solution of tellu- 
rium dioxide 

Interfering e:ements 
numerous 

Reagent added to solu- 
tion of sodium fluro- 
titanate 

Weak acetic acid solu- 
tion 

Acid solution pyrovan- 


adate 
Ammonium mercuric | White feathery crystals 
sulphocyanate in crosses and aggre- 
gates 


be in focus throughout the field must be near a true plane. Ina 
word, to photograph a section the investigator must use all avail- 
able skill and must prepare it as nearly perfect as may be possible. 


14 Complete tables of opaque minerals with microchemical tests are to be 
found in the second volume of Kley’s discussion of microchemistry, pp. 109- 
130. The first volume considers the details of tests. 

Kley, P. D. C., “ Behrens-Kley Mikrochemische Analyse Leipzig and Ham- 
burg,” 1915, Leopold Foss. 
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The prepared section placed upon the microscope and oriented 
as desired must be properly illuminated for photography. The 
light source and various lenses and reflections should be adjusted 
so that the field is illuminated uniformly. If this point is 
neglected a negative of uneven density will be obtained. Such 
negatives are usually over-exposed on one side of the field and 
under-exposed upon the other; they are always a nuisance and 
are often worthless. 

The light being adjusted, the proper color screen for the de- 
sired contrast between minerals must be selected. Experience 
has shown that a color screen should always be used in photo- 
micrographic work as contrast is increased and detail accentuated 
by its use. Wratton filters obtained from the Eastman Kodak 
Company are generally used. They need not be optically plane 
and can be bought in the form of gelatine films and mounted 
between pieces of lantern slide cover glass cut two inches square, 
and fastened at the edges with the familiar gummed paper strips. 
The screens used commonly are listed in Table IV. 


TABLE IV. 
Range of Spectrum 

W. Filter, Color. Transmitted in. 

« Purple 380-460 and 640-790 

see Pure red 610-790 

Strong yellow 515-790 

Pale yellow Wide range of lower spectrum 
Blue green 475-495 
Yellow green 515-610 


A special screen for colored photographic work may supplement this list if 
desired. 


A screen is selected from the group by trial. The contrast 
between minerals may be easily seen upon the ground glass when 
any filter is used, and after the trying of several screens the de- 
sired effect may be obtained. In this way, for instance, chalco- 
cite may be photographed black with the F filter, white with C 
filter, or a gray by using the B or G screen. 
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The ordinary plate, however, will not reproduce well the shades 
of the single-colored image seen upon the ground glass. A pan- 
chromatic plate must be used and the procedure necessary with 
these plates has been well described in several booklets published 
by the Eastman Kodak Company.'® The Wratton and Wain- ~ 
wright panchromatic plate, which is discussed in these pamphlets, 
is, however, a plate designed primarily for process work or 
photo-engraving. It can be used for photomicrography; but a 
plate designed by the same company, and now distributed and 
made by the Eastman Company, embodies all of the color prin- 
ciples of the panchromatic plate, is even more sensitive to red 
light, gives great contrast and is covered with the very fine 
grained emulsion best adapted to photomicrography. This 
plate, the Wratton M, is that now always used by the author; 
with it good photographs of polished sections have been obtained 
at a magnification of 3,200 diameters. 

Exposures'® of the Wratton M plate in the photomicrography 
of polished sections may be calculated by consideration of the 
effect of the N. A. of the objective, of the magnification, of the 
light source, and of the filter used. The calculated exposure due 
to variations in instruments is often merely approximately cor- 
rect, and must be changed somewhat to obtain best results. By 
drawing out the slide of the plateholder 4%, exposing % the cal- 
culated time and repeating the procedure until the entire plate is 
exposed, a negative is obtained exposed %4, 1 and % the calcu- 
lated time. By comparing the results a proper exposure may be 
determined. The calculated time of exposure is thus merely an 
approximate base for a more accurate determination. 

The first factor affecting the calculation of exposure is N. A. 
of the objective. Exposure varies as 1/(N. A.) and is changed 
for various objectives according to Table V. 

15“ The Photography of Colored Objects,” “Color Plates and Filters for 
Commercial Photography,” and “ Reproduction Work with Dry Plates.” 

16 The tables of factors and formule for exposure on M plates given here 


are reprinted from the booklet “ Photomicrography” published by the East- 
man Kodak Company. 
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Magnification changes the exposure necessary; the exposure 
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TABLE V. 
E: ure Factor 
Focal Length. Average N. A. Plate. 


varying according to the magnification : 


The light source is an important variable to be considered in 
For the direct current arc lamp (5 amps. ) 
used with the large Leitz metallographic instrument a factor of 
Other sources with approximate factors for the 


calculating exposure. 


Ys is proper. 


Magnification. Exposure Factor M Plate. 
10 Yoo 
25 Ye 
50 % 

100 I 
250 6 
500 25 
600 36 
750 56 
850 72 
900 81 
1,000 100 


Wratton M plate are: 


Source. Factor. 


Limelight (blow through jet) 
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A table giving the factors of Wratton filters for all light 
sources has been published.1* The factors for the filters men- 
tioned above with the 5 amps. D. C. arc are given below. 


Filter. Factor for M Plate. 
15 


The formula for calculating exposures with these factors is: 
Standard exposure X factor for N. A. X factor for source 


X factor for magnification X screen factor = exposure. 


For a photograph with a 16 mm. objective, 5 amps. D. C. arc, 
magnification 100 and screen F the exposure will be: 


1osec. X 2 X %s5 X I X 15 = 12 seconds. 


The exposures found to give good negatives on the Leitz mi- 
croscope with M plates are incorporated in Table VI. 


TABLE VI. 
Leitz Objectives. Magnification. | A. | B. | G | G. F. D+F, D+A, 
37 | | 58. | 3m 
100 | 6 

246 | \60s 40s. |1I0s. |60s. 
850 |2m 13m.| 2 m. 

1,000) 2} m. 

1,110 | 3 m. 

1,650 | | 24m. 

1,860 | 5 m. 

2,000 | 6 m. 9m 

3,140 | | 8 m. | I5 m 


m. = minutes, s. = seconds. 
17“ Photomicrography,” p. 29. Eastman Kodak Company, 1015. 
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The development of the properly exposed Wratton M plate is 
simple. Each dozen of plates is furnished with a card giving the 
formulz of solutions for development, which should always be 
used, and a table of times of development at the temperatures 50° 
F., 65° F., and 80° F., and for diminished, normal and great 
contrast. The exposed plate is developed by time in the dark, 
or in the dull green light of the illuminating apparatus furnished 
especially for these plates. 

Developed and dried the plate is ready for printing. In the 
printing frame between plate and sensitive paper is placed a 
screen of black paper with an opening cut of the desired shape 
and size, usually a circle about 8 cm. in diameter upon a 4x 5 in. 
plate. Satisfactory prints from normal plates are best obtained 
by printing with Cyko paper about one foot from a 125-watt 
tungsten lamp. If the plate is of uneven density its thinner parts 
may be shaded during part of the time of printing. Normal Cyko 
is used for plates with good contrast; contrast paper for plates 
with diminished contrast. The paper should be of the glossy 
grade and after development in any good developer (except 
pyro) and fixing, the print should be pressed with a rubber roller 
upon a ferrotype plate and dried. 

The resultant polished print consists of the field selected for 
photography upon a white background. If preparatory manipu- 
lation has been proper, if the microscope has been adjusted cor- 
rectly, and if the details of photomicrography have been con- 
ducted with the requisite care, the print should show the relations 
of minerals clear cut and well contrasted in a field free from 
scratches, pits and obscuring features, and at the magnification 
best adapted for the desired illustration. This print, suitable 
for reproduction, is the ultimate object of the procedure outlined 
in these pages. 
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DISCUSSION. 


This department has been established by the editors in order to afford to 
those interested in questions relating to economic geology an opportunity for 
informal discussion. Contributions are cordially invited either in the form 
of discussion of more formal papers appearing in earlier numbers or bearing 
upon matters not previously treated. Letters should be directed to the Editor, 
Sheffield Scientific School of Yale University, New Haven, Conn. The full 
name of the author should he attached to all communications. 


THE CONGLOMERATES OF THE WITWATERSRAND} 


Sir: I wish to thank Dr. Mellor for his splendid presentation 
of the characteristics of the conglomerates of the Witwatersrand. 
with the gold which they contain, and for his most interesting 
discussion of the methods which Nature may have adcpted in 
forming these beds of conglomerates, and in placing gold in 
them. 

The occurrence of a conformable sedimentary series five miles 
in thickness, like that of the Witwatersrand, is not in itself a 
matter for very particular comment, for such series occur in 
other parts of the world, especially along the flanks of important 
mountain ranges, and the coarseness or fineness of the sediments 
in them depends largely on the strengths of the currents, whether 
caused by winds, tides, or rivers, by which the sediments were 
distributed. If small particles of gold, as well as pebbles of 
quartzite or other similar rock, were being supplied to the 
moving waters at the same time, they would be distributed 
together, but large particles or nuggets of gold would not be 

1 This excerpt from a discussion by Mr. J. B. Tyrrell of a paper on “ The 
Conglomerates of the Witwatersrand,” by Mr. E. T. Mellor, was published in 
part in Bull. 139 of the Institution of Mining and Metallurgy, 1916. It is 
reprinted in these columns by the author because the comparison which is 


made with American auriferous gravels is of somewhat unusual interest to 
American readers. 
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carried by water and dropped along with small or medium- 
sized pebbles of quartzite, etc., for the currents that would easily 
carry the latter would not move the former. 

In western Alberta, in a great series of conformable Mesozoic 
and Tertiary sediments, gold occurs in a finely divided state in 
the Edmonton sandstones at top of the Cretaceous. These beds 
were laid down near an old shore line, and the fossils contained 
in them prove that they were deposited in brackish water. No 
beds holding a sufficient quantity of gold to pay for mining have 
yet been discovered in these sandstones, but the streams which 
now drain the country east of the Rocky Mountains cut down 
into them in many places, and concentrate the gold derived from 
their sandstone banks into the gravel bars in the rivers, whence 
it is collected by simple methods of alluvial washing. The gold 
so obtained is in very minute particles which, under the micro- 
scope, may be seen to be well rounded like most other particles of 
placer gold. I believe that it is also in the form of such minute 
rounded particles in the Edmonton sandstones, from which it is 
derived, for no matter how near the gravel bars which now 
contain it may be to its probable source in the sandstone itself, 
the gold always presents the same rounded appearance. 

Whether the gold is confined to certain definite strata in the 
series or not I do not know, but I have definitely determined its 
presence in, or in the immediate vicinity of, some of the beds of 
lignite which are interstratified with the sandstone. 

In this particular instance the source of the gold is reasonably 
certain, for it was undoubtedly transported from the quartzite 
and granite mountain range away to the west within the con- 
fines of the province of British Columbia, and was carried a 
long way before it finally settled near the shore of the brackish 
sea. Though nowhere concentrated into rich pockets or beds 
the total quantity so carried from the mountains must have been 
large. 

In a disseminated placer, in which the gold has been distributed 
by tidal currents over a sea floor, no “ paystreak,” such as is 
commonly found in stream placers, would be looked for, but if 
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actual beaches should be discovered paystreaks might reasonably 
be expected to occur, for the gold would have been concentrated 
in them by the waves. In this connection the distribution of the 
conglomerate in the Far East Rand described by Dr. Mellor in 
his paper, and illustrated by him on Fig. 4, strongly suggests the 
presence of such beaches formed on a gently sloping shore which 
was at the same time slowly and regularly sinking beneath the 
sea. Such a method of formation would account perfectly for 
the local parallelism of these bands of conglomerate. 

Stream and ocean placers have some common characteristics, 
and it may be interesting to refer to one or two of these. In the 
Klondike District, where I was mining placers for a number of 
years, the gold-bearing gravels occur in the bottoms, or what 
were once the bottoms, of river valleys. They are essentially of 
two ages, namely, Older Pliocene gravels and Newer Recent 
gravels. The former occur in the bottoms of wide mature 
valleys with gently sloping sides on which the underlying rock 
has decayed to such an extent that naked cliffs and escarpments 
are unknown; while the latter are in the bottoms of narrow, 
immature, and often gorge-like valleys cut in the bottoms of the 
old Pliocene valleys. These newer valleys are thus cut down 
through the older gravels, sometimes one or two hundred feet 
into the underlying hard granitoid gneiss or schist, and what 
remains of the older gravels may lie along the top of the steep 
banks of the newer valleys. In both these gravel deposits, 
wherever gold is present, it is concentrated in a thin, but ill- 
defined, layer just above bedrock and in the fissures of the 
underlying bedrock. The total average thickness of the gold- 
bearing layer might be put at 3 feet, 1 foot of this being gravel 
and 2 feet bedrock, though this thickness varies greatly in dif- 
ferent places. In some parts of Dominion Creek the “pay,” 
though very rich, was confined to a few inches of gravel just 
above bedrock, and the underlying bedrock was barren; while 
on a mining claim on Hunker Creek, which yielded a large quan- 
tity of gold, there was scarcely any gold in the gravel or in the 
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upper foot of bedrock, for it had sunk as much as 7 or 8 feet 
into the cracks of this bedrock. 

In the Newer Recent gravel the gold-bearing layer lies below 
the water level of the stream in the valley of which it occurs, and 
tinstone, all more or less thoroughly rounded. This “black 
sand’? composed chiefly of small grains of magnetite and 
ilmenite, with some hematite and a little impure cassiterite or 
tinstone, all more or less thoroughly rounded. This “black 
sand” lies loose in the gravel or in the cracks of the bedrock, 
being distributed much in the same way as the gold. On some 
mining claims crystals of pyrites were collected in considerable 
quantity with the gold in the sluice boxes. The crystals were 
always beautifully sharp and angular; I do not remember to 
have seen any that were rounded or waterworn. On closer in- 
vestigation these crystals were invariably found to have been 
broken out of the underlying bedrock, and not to have been 
derived from the gravel. One claim which I was operating on 
Hunker Creek yielded large quantities of these crystals from a 
bedrock of dark graphitic schist. 

The gold itself, both in the gravel and in bedrock, was always 
in more or less rounded and waterworn nuggets and particles, 
known collectively as “dust.” Even where originally in elon- 
gated or thread-like forms, these particles had been pounded and 
bruised, so that their points and angles had been rounded off. 
No new crystals or crystalline films of gold had been formed 
anywhere since this Recent gravel had assumed its present 
position. 

With regard to the older Pliocene gravels, wherever they were 
well situated for examination, as on the tops of the banks of the 
newer valleys, they were found to contain neither magnetite nor 
pyrites. If either of these minerals had ever been present they 
had been leached out. 

In these older gravels most of the contained gold was in the 
form of well-rounded particles similar to those in the newer 
gravels. But in addition to such rounded particles or grains 
there were many pieces which showed beautiful sharp crystalline 
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structure, either in moderately stout forms, or in delicate 
feathery shapes such as it would be difficult or almost impossible 
to move without crushing or destroying. In many cases this 
gold was in the form of thin crystalline films between layers of 
the schistose bedrock, while, in one instance, Mr. M’Connell, ° 
now Director of the Geological Survey of Canada, drew my 
attention to a very delicate film of gold adhering to the outside of 
a pebble in the gravel. 

Such crystals had never been mechanically transported along 
with sand and gravel by water, but had evidently been formed 
just where they were found. The gold would seem to have been 
first dissolved, probably by the action of water on the surround- 
ing “dust,” and then to have been precipitated from the solution, 
but in no instance did I find any evidence that pyrites took any 
part in this action, or were precipitated with the gold. Possibly 
the gold had not been carried any appreciable distance in solu- 
tion, for the beautiful fragile crystals above referred to were 
always found within the narrow limits of the original thin gold- 
bearing layer of gravel and bedrock, and not in the gravel above 
it or in the bedrock below it. 

If the process of solution and precipitation which gave rise to 
these crystals were carried far enough it is quite conceivable that 
it might completely destroy the rounded character of the particles 
of gold usually found in placer deposits, and give rise to forms 
and characteristics similar to those found in the conglomerates 
of the Witwatersrand. 

J. B. Tyrret,. 
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SCIENTIFIC NOTES AND NEWS 


EZEQUIEL OrDONEz has resigned as director of the Geological 
Institute of Mexico and has opened a consulting office in Mexico 
City. 


THE GEOLOGICAL DEPARTMENT of the Sun Company of Phila- 
delphia is composed of the following men: M. L. Fuller, chief 
geologist; R. W. Pack, Gulf Coastal Plain; Lloyd B. Smith, 
John Cullen, North Texas; F. H. Kay, Oklahoma; Bernard 
Hasbrouck, Kansas; and G. W. Myers, Ohio. 


Ernest Howe sailed for Cuba recently on professional busi- 
ness. 


H. Murakami, geologist to the South Manchuria Railway 
Company, and S. Kawasaki, geologist of Korea, are making a 
tour of Canadian and American mining camps and universities 
and were recent visitors in New Haven. 


THE CASE of the Star Mining Co. vs. the Federal Mining & 
Smelting Co. was called before the U. S. Circuit Court in Wal- 
lace, Idaho, in November. Testifying in this apex suit involving 
the ore bodies in the Morning Mine were Joseph Barrell, Walde- 
mar Lindgren, J. R. Finlay, H. A. Buehler, and Milnor Roberts 
for the Federal Mining and Smelting Co., and for the Star Co., 
H. V. Winchell, C. K. Leith, and O. H. Hershey. 


F. L. Ransome, of the U. S. Geological Survey, is temporarily 
in San Francisco. 


A. H. Purpbvug, state geologist of Tennessee, died in Nash- 
ville on December 12. 


FrepD T. GREENE, mining geologist of Butte, Montana, was 
killed in an automobile accident on Christmas Day. 

1 Geologists, mining engineers and others interested in applied geology are 
invited to keep the editor informed of new investigations of mining districts 


or scientific studies undertaken by them, together with such other scientific 
and personal items as may come to their notice. 
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Feldspar, recent literature on, 100 

Fenner, C. N., on stephanite at Lead- 
ville, 318 

Fiber of chrysotile, 190, 1¢9 

Filisola salt dome, 585 

Filtration theory of oil accumula- 
tion, 441 

Finlayson, A. M., on tetrahedrite at 
Rio Tinto, Spain, 307 

Foraminiferal rocks, 458 

Formation, of chalcocite, 3; of peat 
deposits, conditions, 526 

Forsterite, 159 

Foullon, Baron von, on genesis of 
Sudbury ores, 564 

Four Metals deposit, Arizona, 261 

Fox oil and gas field, Oklahoma, 594 

Foye, W. G., on titaniferous mag- 
netite deposits, 682 

Freibergite, 306, 707 

Fuel, peat, 538 

Fullerton oil fields, sand from, 450 


Gabbro, Duluth, 666 
Galena, 303, 342, 346 
Galena ore, banded, 645; sections, 


Galena ore, Gneissic, from the Slocan 
district, British Columbia (Uglow), 


43 
Gangue minerals associated with sil- 
ver, 333 


Garnet, analysis of, 248 
Gautier, A., on virgin waters, 490 
Geikie, A., on use of term epigene, 


493 

Genesis of, Chilean nitrate deposits, 
80, 92; Cobalt silver ores, 219, 235; 
Engels, Cal.,ore deposits,25; nickel-. 
copper ores, Sudbury, 564; Success 
zinc-lead deposits (discussion), 
548; Sudbury ore deposits, 633; 
zinc ores, Tetiuxe district, Siberia, 
278 (see also Origin) 

Genesis of the metals in the Santa 
Rita-Patagonia mountains, Arizona, 
The geologic distribution and 
(Schrader), 237 

Genesis of the Success zinc-lead de- 
posit, Ceur de’Alene district, Idaho 
(Umpleby), 138 

Genetic classification of Engels ore 
deposit, 25 

Genetic classification of underground 
volatile agents (Daly), 487 

Geologic distribution and genesis of 
the metals in the Santa Rita- 
Patagonia mountains, Arizona 
(Schrader), 237 

Geologic map—Success mine, Caur 
d’Alene district, 140 (see also 
Maps) 

Geologic occurrence of chalmersite, 


522 

Geologist and client, relation be- 
tween, II5 

Geologist in war times, 628 

Geology of, Coatzacoalcos region, 
Mexico, 581; Healdton oil field, 
595; Santa Rita-Patagonia moun- 
tains, 239; serpentine area, south- 
ern Quebec, 155; Slocan district, 
B. C., 643; Success mine, Coeur 
d’Alene district, 139; Sudbury, Ont., 
district, 394; Tetiuxe district, Si- 
beria, 271; Wonder, Nevada, 588 

Geology and ore deposits of the 
Tetiuxe district, Russia (Nishi- 
hara), 270 

Gibbsite, 283 

Glacial influence on peat formation, 


5 

Gneissic galena ore, Coeur d’Alene 
district, 655 

Gneissic galena ore from the Slocan 
district, British Columbia (Uglow), 


43 
Gold, in Edmonton sandstones, Al- 
berta, 717; in the Klondike dis- 
trict, 719; recent literature on, 98 
Goodchild, —, on Insizwa nickel ores, 
428 
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Gordon sand, 361, 372 

Gossan, yellow, Tetiuxe mine, Si- 
beria, 276 

Graham, R. P. D., Origin of massive 
serpentine and chrysotile-asbestos, 
Black Lake-Thetford area, Quebec, 


154-202 

Graham oil field, Oklahoma, 594 

Granite, 241; heating tests on, 280 

Granite porphyry, 242 

Granite zinc-lead deposit, 138 

Grant, U. S., on contact metamor- 
phism of a basic igneous rock, 667; 
on inclusions in Duluth gabbro, 
679; on muscovadite, 673 

—— intergrowths, 23; Sudbury, 


Graphic structure, 23 

Graton, L. C., and McLaughlin, D. 
H., Ore depositiun and enrichment 
at Engels, California, 1-38 

Graton, L. C., and Murdock, Joseph, 
on copper enrichment, 255; on sul- 
phide ores of copper, 298 

Gravity, Oklahoma oils, 604 

Greaterville placers, 255 

Greenbrier formation, 358 

Green River oil-shale, 506, 508; com- 
position, 511; value, 512 

Grinding ores for microscopic ex- 
amination, 690, 700 

Griswold, W. T., and Munn, M. J., 
on the anticlinal theory of oil ac- 
cumulation, 437 

Ground-water, definition, 489 

Grout, F. F., on banded segregations 
of Duluth gabbro, 683 

Griinling, F., on maucherite, 208 

Guild, F. N., A microscopic study of 
the silver ores and their associated 
minerals, 297-353; on silver min- 
erals, 707 

Gunflint formation, 666, 667, 675 

Gypsum, in salt domes, 584 


Halogen salts of silver at Wonder, 
Nevada (Burgess), 580 

Hammond, J. H., on professional 
ethics, 107 

Happy Jack mine, Arizona, 260 

Hardness of water, 63 

Hares, C. J., review by, 387 

Hartley, Burton, The petroleum 
geology of the Isthmus of Tehuan- 
tepec, 581-588 

Hay, R., on use of term phreatic, 495 

Healdton Hills, 596 

Healdton oil, character of, 603 
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Healdton oil field, Oklahoma (Pow- 
ers), 504-606 

Healdton sands, 598, 600 

Heating tests on granite, 280 

Hedenbergite, 274 

Hershey, O. H., discussion by, 548; 
on ore deposits of Coeur d’Alene 
district, 138 

Hicks, W. B., and Bailey, R. K,, 
analysis by, 39 

Hilgard, E. W., on the geologic effi- 
cacy of alkalicarbonate solution, 85 

Hill, J. M., on tungsten minerals in 
Arizona, 258 

Hills, V. G. on professional ethics, 


117 

Hoing sand, 448, 466 

Holmes, J. A., on titaniferous iron 
ores, 

Hore, R. E., on ore deposits of Co- 
balt district, 220 

Hornfels, 669, 672 

Howe, Ernest, on Sudbury ores, 392, 
399, 403, 414, 433, 565 

Hundred-foot sand, 359, 370, 371 

Huntilite, 326 : 

Huntley, L. G., with Johnson, R. H., 
review of book by, 290 

Hussak, E., on chalmersite, 521 

Hutchison, L. L., on oil rock in Okla- 
homa, 450 

Hydration of olivine, 167 

— theory of oil accumulation, 


43 
“Hydrothermal origin of Sudbury 


ores, 411, 415 
Hydrothermal sulphides, develop- 
ment of, I5 


Identification of minerals, 706 

Igneous rocks, Black Lake-Thetford 
area, 155; Santa Rita-Patagonia 
mountains, Arizona, 240 

Illuminator for microscopes, 704 

Ilmenite, 282, 686, 694 

Inclusions of banded Gunflint iron 
formation, 677 

Interpretation of water analyses by 
the geologist (Rogers), 56 

Inviolability of professional confi- 
dences, 118 

Iodobromite, 590, 592 

Todyrite, 590, 593 

Iron, recent literature on, 98 

Iron ores of Duluth gabbro, 675 

Iron oxides, development at Engels, 
Cal., 10 

Irvine oil sand, 453, 467 
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Irving, J. D., on juvenile waters, 491; 
on openings in rocks, 441; on re- 
placement deposits, 412 

Irving, J. D., and Bancroft, H., on 
od deposits near Lake City, Colo., 

303 

jatemoe of Tehuantepec, The petro- 
leum geology of the (Hartley), 581 

Ixhuatlan salt dome, 585 


Jackson sand, 600 

Jarosite, 501 

Johnson, B. L., Preliminary note on 
the occurrence of chalmersite, 
CuFe,S;, in the ore deposits of 
Prince William Sound, Alaska, 519- 


525 
Johnson, R. H., on connate water, 
36 


305 
Johnson, R. H., and Huntley, L. G., 
on selective segregation theory of 
oil accumulation, 440; review of 
book by, 290 
Juvenile, definition, 480 
Juvenile fluids, 491 


Kaolin, 283; at Engels, Cal., 27 
Kaolinite, 

Kalickij, K., on migration of oil, 378 
Kato, T., on native silver, 322 
Keilhack, K., on magmatic waters, 


490 

Kemp, J. F., discussion by, 632; on 
magmatic water, 480; on waters, 
meteoric and magmatic, 355 

Kerr Lake mine, ore from, 232 

Klondike district placers, 719 

Knife Lake slates, 665 

Knight, C. W., on genesis of Sudbury 
ores, 565; on Sudbury deposits, 
393, 400, 404, 412, 428 


Laccolith, Duluth gabbro, 667 

La Concepcion salt dome, 586 

Lander oil field, sand from, 451 

Lane, A. C., on connate water, 40; 
on magmatic waters, 490 

Laney, F. B., on intergrowths in cop- 
per ores, 314 

Lattice structure, 21 

Lauer, A. W., The petrology of reser- 
voir rocks and its influence on the 
accumulation of petroleum, 435-472 

Lawson, A. C., on magmatic waters, 
490 

Lead, recent literature on, 98 

Lead ores, Slocan district, 645 

Leith, C. K., on schistose texture, 653 
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Leith, C. K., and Mead, W. J., on 
magmatic waters, 490 
Leitz metallographic microscope, 704, 


7 
LeRoy, O. E., on the Slocan district, 


643 

Lesher, C. E., with Smith, G. O., The. 
cost of coal, 42-55 

Leverett, Frank, on surface forma- 
tions of Minnesota, 528 

Library Service Bureau of the United 
Engineering Society, list prepared 
by, 134 

Liesegang, A. E., on rhythmic pre- 
cipitation. 224 

Limestone, analysis, 271 

Limestones, openings in, 452 

Lincoln, F. C., on classes of emana- 
tions, 491 

Lindgren, W., on genesis of Sudbury 
ores, 565; on openings in rocks, 
441; on ore deposits near Lake 
City, Colo., 263 

Lindgren, W., and Irving, J. D., on 
banded galena ore, 656. 

Lindgren, W., and Ransome, F. L., 
on tetrahedrite in Cripple Creek 
district, 307 

Line Boy deposit, Arizona, 258 

Literature on economic geology, Re- 
cent (see Recent, etc.) 

Lithomarge, 283 

Low oil field, Oklahoma, 504 

Lollingite, 211; reaction, 231 


McCay, L. W., on massive safflorite, 
21 


5 

McCloskey sand, 453, 467 

McConnell, R. G., and Brock, R. W., 
on the Slocan district, 643 

Machine peat, 539, 

McLaughlin, D. H., with Graton, L. 
C., Ore deposition and enrichment 
at Engels, California, 1-38 

McKinley, W. B., on promotions, 128 

Magmas and sulphide ores (Cole- 
man), 427 

Magmatic, definition, 492 

Magmatic ore deposits, Sudbury, Ont. 
(Bateman), 3901 

Magmatic segregation, Sudbury ores, 
405, 414, 420 

Magmatic sulfid ores (review of), 
632 

Magnesite, 170 

Magnetite, 150, 160, 570, 603 

Magnetites, titaniferous, of north- 
eastern Minnesota, The relation of 
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the, to the Duluth gabbro (Brod- 
erick), 663 

Magnetites formed by emanations at 
igneous contacts, 682 

Manganese in the Dakota sandstone 
of central Kansas (Whitaker and 
Twenhofel), 473 

Manufacture of peat fuel, 538 

Maps—Appalachian oil fields, 356; 
Duluth gabbro, 671; Isthmus of 
Tehuantepec, Mexico, 582; Mexi- 
can oil fields, 459; Oklahoma, south- 
ern, showing location of oil and 
gas fields, 595; Success mine, 
Idaho, 549; Tetiuxe mine, Siberia, 
270 (see also Geologic maps) 

Marble, recent literature on, 100 

Marcasite, 317 

Marginal deposits, Sudbury, 396 

Maricopa oil field, sand from, 451 

Marketing cost of coal, 47 

Mar! beds, relation to peat formation, 


520 

Matte, segregation in, 406 

Maucherite, 208; reaction, 231 

Maxton sand, 358, 360, 370 

Measurements, Some quantitative, of 
minerals of the nickel-eruptive at 
Sudbury (Dresser), 563 

Mellor, E. T., on conglomerates of 
the Witwatersrand, 717 

Metalliferous ‘deposits in Santa Rita- 
Patagonia mountains, Arizona, 244 

Metallographic investigation of ti- 
taniferous magnetite, 686 

Metallographic microscope, 704 

Metamorphism, Coeur d’Alene dis- 
trict, Idaho, 144 

Meteoric, definition, 492 

Mexican oil fields, map, 459 

Microchemical determination of min- 
erals, 3 

Microchemical tests, table, 711 

Micropegmatite, 563 

Microphotographs (see Photomicro- 
graphs) 

Microscope for mineragraphy, 703 

Microscopic determination of opaque 
minerals, 334 

Microscopic study of the silver ores 
and their associated minerals 
(Guild), 297 

Midway oil fields, sand from, 451; 
waters of, 74; analyses, 76 

Miers, H., on pyrargyrite and prou- 
stite, 317 

Migration of water and oil, 618, 625 

Miller, B. L., with Singewald, J. T. 
Jr., discussion by, 92, 95 
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Miller, W. G., on ore deposits of Co- 
balt district, 220, 222 

Mineragraphy, 97 

Mineragraphy, Notes on the tech- 
nique of (Whitehead), 697 
ineral composition of Sudbury 
nickel-eruptive, 566 

Mineral production of California, 292 

Mineral sequence, at Engels, Cal., 24 

Mineralogical relations in silver ores 
of Cobalt, Ontario, Significant 
(Bastin), 219 

Mineralography, 96 

Minerals, identification of, 706; of 
the Sudbury ores, 398 

Minerals of the nickel-eruptive at 
Sudbury, Some quantitative meas- 
urements of (Dresser), 563 

Mining cost of coal, 44 

Minnesota, magnetic iron ores of, 
663; topographic divisions, 527 

Minnie Moore mine, laminated ga- 
lena ore, 655 

a Isthmus of Tehuantepec, 
582 

Mississippian series, formations of, 


358 

Mitchell, G. J., discussion by, 281 

Molybdenum, 256; recent literature 
on, 99 

Morning Glory mine, Patagonia dis- 
trict, Arizona, 265 

Moses, A. J., and Parsons, C. L., re- 
view of book by, 5590 


“Movement of water in oil sands, 377 


Mowry mine, 
Ariz., 250, 251 

Munn, M. J., on the accumulation of 
petroleum, 438; on water in oil 
sands, 362 

Munn, M. J., and Griswold, W. T., 
on water in oil strata, 372 

Murdoch, Joseph, on microscopic 
determination of opaque minerals, 
334; on stromeyerite; 309; on the 
identification of minerals, 697, 706 

Muscovadite, 668, 672 

Muskogee oil sand, 452 


Nelson batholith, 644 

Nettie L mine, Ferguson, B. C., 309 

Nevada Wonder vein, 590 

Newland, D. H., on magnetic iron 
ores, 691 

Niccolite, 207, 224, 233, 331, 350; re- 
action, 231 

Nickel, recent literature on, 99 

Nickel deposits, Sudbury, 395 


Patagonia district, 
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Nickel-copper ores, Sudbury, genesis, 


5 

Nickel-eruptive at Sudbury, Some 
quantitative measurements of min- 
erals of the (Dresser), 563 

Nishihara, G. S., Geology and ore 
deposits of the Tetiuxe district, 
Russia, 270-279 

Nissen, A. E., and Hoyt, S. L., on 
silver in galena ores, 304 

Nitrate deposits, Chilean, genesis, 80, 


92 

Norite, 563; of Sudbury, ore min- 
erals of, 570; solidification of, En- 
gels, Cal., 5 

Norris, R. V., on royalties on an- 
thracite, 48 

Note on Appalachian oil-field brines 
(Richardson), 39 

Notes on the technique of min- 


eragraphy (Whitehead), 697 


Ocean water, analysis of, 79 

Ocean water, properties of reaction 
and concentration, 78 

Offset deposits, Sudbury, 306 

Ogishke conglomerate, 665 

Oil, position in synclines, 363; recent 
literature on, 100; Tehuantepec 
Isthmus, origin, 588 (see also Pe- 
troleum) 

Oil and gas production, principles of, 


290 

Oil field, Appalachian, 355 

Oil field, The Healdton, Oklahoma 
(Powers), 594-606 

Oil field development and petroleum 
mining (Thompson), review of, 


480 
Oil fields of Mexico, reservoir rocks, 


455 

Oil sands, Pennsylvania, water con- 
tent, 358 

Oil-shale, definition, 505; occurrences 
in United pain 507; plant re- 
mains in, 510, 5 

Oil-shale in the Dinited States (Win- 
chester), 505 

Oil-shale See of Scotland, 516 

Oil-shales, geologic age, 507 

Old Baldy peak, Arizona, 238 

ae 160; alteration to serpentine, 
162 

Omara deposits, Arizona, 261 

Openings, in limestones and dolo- 
mites, 452; in sedimentary rocks, 
442; induced, 443; original, 443; in 
shales, 461 

Ordovician, Healdton oil field, 599 


Ordovician oil, Oklahoma, 600 

Ore deposition and enrichment at 
Engels, Cal. (Graton and Mc- 
Laughlin), 1, 379 

Ore deposits, Prince William Sound, 
523 


Ore deposits of the Tetiuxe district, . 


Russia, Geology and (Nishihara), 


270. 

Ore deposits, Classification of, based 
upon origin, deformation, and en- 
richment (Quirke), 607 

Ore deposits, Magmatic, Sudbury, 
Ont. (Bateman), 391 

Cre minerals of Sudbury ores, 575 

Oregon, northeastern, surface waters, 


Origin of, aplitic dikes, Black Lake- 
Thetford area, 175; chalcocite at 
Engels, Cal., 27; chrysotile veins, 
195, 476; chrysotile-asbestos, 183; 
chrysotile-asbestos, Black Lake- 
Thetford area, 154; copper de- 
posits of Engels, Cal. 4, 379; 
gneissic texture in galena ore, 650; 
manganese, Kansas, 474; oil, Te- 
hauntepec Isthmus, 588; ore depos- 
its, classification diagram, 608; 
peat deposits, 526; petroleum in 
Alsace, 203; serpentine, Black 
Lake-Thetford area, 157; shale- 
oil, 510; Sudbury ores, 398, 417, 
429; titaniferous magnetites, 688, 
691; water in oil sands, 376 (see 
also Genesis) 

Origin of massive serpentine and 
chrysotile-asbestos, Black Lake- 
Thetford area, Quebec (Graham), 
154 

Orton, E., on oil in the Trenton 
limestone, 454 

Ostwald, W., on properties of solu- 
tions, 71 

Oxidation at, Engels, Cal., 19; Won- 
der, Nevada, 590 

Oxide ore bodies, separation of, 427 

Ozark uplift, waters of, 78 


Palmer, Chase, Diarsenides as silver 
precipitants, 207-218; on maucher- 
ite, 208; on silver enrichment, 325; 
on the geochemical interpretation 
of water analyses, 57 

Palmitota salt dome, 586 

Panchromatic plates, 713 

Papers on engineering ethics, 134 

Paragenesis, criteria, 657; in ore de- 
posits, 656; in Sudbury ores, 572; 
of opaque minerals, 298 
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Parsons, C. L., with Moses, A. J., re- 
view of book by, 559 

Pearceite, 708 

Peat, rate of accumulation, 531; com- 
position and full value, 536 

oe deposits of Minnesota (Soper), 


5 

Peat machine, Alfred, Ont., 539 

Peat-forming plants, 532 

Pegmatites, formation of, at Engels, 
Cal., 9 

Peneplanation in the Rocky Moun- 
tains, 542, 545 

Pennsylvania, Healdton oil field, 599 

Pentlandite, 308 

Pepperburg, L. J., on estimated oil 
production, 449 

Peridotite, alteration to serpentine, 
157; chemical analysis, 159 

Permian, Healdton oil field, 599 

Perry, E. H., on kaolin investiga- 
tions, 27 

Petrography of Gunflint iron forma- 
tion, 678, 

Petroleum in Alsace, origin, 203 (see 
also Oil) 

Petroleum, the accumulation of, The 
petrology of reservoir rocks and 
its influence on (Lauer), 435 

Petroleum geologist, Ethics of the 
(Clapp), 105 

Petroleum geology of the Isthmus of 
Tehuantepec (Hartley), 581 

Petroleum industry, American (re- 
view of), 387 

Petrology of reservoir rocks and its 
influence on the accumulation of 
petroleum (Lauer), 435 

Phosphate, recent literature on, 100 

Photography of colored objects, 713 

Photomicrographic procedure, 710 

Photomicrographs, oil-bearing rocks, 
466-472; rocks from Engels mine, 
Cal., 8, 14, 16, 22; silver minerals, 
342-353; silver ore, Cobalt, Ont., 
230-234; Sudbury ores, 578, 579 

Phreatic, definition, 494 

Physiographic conditions and copper 
enrichment, 541, 545 

Pirsson, L. V., on magmatic waters, 


490 
Place value, 47 
Plant life in oil-shales, 510, 515 
Plants forming peat, 532 
Pleistocene, Isthmus of Tehuantepec, 
5 
Pliocene, Isthmus of Tehuantepec, 


2 
Pneumatolytic alteration of norite, 7 
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Pneumatolytic sulphides, develop- 
ment of, II 

Pocono formation, 359 

Pocono sandstone, 360 

Polished surfaces, Sudbury ores, 572 

Polishing ores for microscopic ex- 
amination, 699, 702 

Polybasite, 227, 319, 708 

Porosity of, rocks, 436; sands, 616 

Powders for grinding and polishing, 


703 

Powers, Sidney, The Healdton oil 
field, Oklahoma, 594-606 

Precious stones, recent literature on, 
100 

Preliminary note on the occurrence 
of chalmersite, CuFe.S,, in the ore 
deposits of Prince William Sound, 
Alaska (Johnson), 519 

Price of coal, factors controlling, 43 

Prince William Sound region, Alaska, 
mineralization of, 523 

Producer-gas, 539 

Professional ethics, 105 


Protore, 607 
Proustite, 314, 343,.707 
Pugh sand, 600 


Purdue, A. H., on oil in Kentucky 
and Tennessee, 454 

Pyrargyrite, 314, 343, 707 

Pyrite, 209, 342 

Pyroxene, alteration to serpentine, 


162 
Pyrrhotite, 398 


Quantitative measurements of min- 
erals of the nickel-eruptive at Sud- 
bury (Dresser), 563 

Quartz diorite, 241 

Quartz monzonite, 241 

Quartz porphyry, analysis of, 273 

Quartz veins, origin, 178 

Quartzite, analysis of, 272 

Isthmus of Tehuantepec, 


584 
Quebec, asbestos deposits, 154 
Quirke, T. T., Classification of ore 
deposits based upon origin, defor- 
mation, and enrichment, 607-609 


Radicles and their valences and reac- 
tion coefficients, 69 

Rammelsberg, Harz Mountains, Ga- 
lena ore, 656 

Ransome, F. L., on galena ores of 
the Coeur d’Alene, 655; on juve- 
nile waters, 491; on ore deposits of 
Ceeur d’Alene district, 138; on ruby 
silver minerals, 315 
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Rare earth metals, recent literature 


on, 99 

Rate of peat formation, 530 

Ray, J. C., on the identification of 
minerals, 697 

Reaction values, use of, 60 

Reactions, for silver precipitation, 
231; tetrahedrite, 308; zinc carbo- 
nate, 278 

Read, T. T., on origin of copper de- 
posits at Engels, Cal., 2 

Recent cept on economic geol- 
ogy, 98-10. 

Red beds Catskill formation, 368 

Reeves, Frank, The absence of water 
in certain sandstones of the Appa- 
lachian oil fields, 354-378 

Relation of the titaniferous magne- 
tites of northeastern Minnesota to 
the Duluth gabbro (Broderick), 


Replacement, Success mine, Cceur 
d’Alene district, 141 
Replacement deposits, Arizona, 250, 


5 
Replacement veinlets, 226 
Reports, professional, 132 
Reservoir rocks, The petrology of, 
and its influence on the accumula- 
tion of petroleum (Lauer), 435 
Resource cost of coal, 44, 48 
Resurgent, definition of, 491 
Resurgent fluids, 492 
Reviews— 
American petroleum industry 
(Bacon and Hamor), Hares, 


387 

California mineral production 
for 1915 (Bradley), Edwards, 
292 

Conservation in use of coal 
(Trigg), Bateman, 637 

Economic geology (Ries), Bate- 
man, 

Elements of mineralogy, crystal- 
lography, and blowpipe analy- 
sis from a practical standpoint 
(Moses and Parsons), Schaller, 


559 

Die Entstehung der unterelsaes- 
sischen Erdoellager erlaeutert 
an der Schichtenfolge im Oli- 
gocaen (von Werveke), 
Bucher, 203 

Oil field and petro- 
leum mining (Thompson), 
Rogers, 480 

Principles of oil and gas produc- 
tion (Johnson and Huntley), 
Washburne, 290 


A study of the magmatic sulfid 
ores (Tolman and Rogers), 
Kemp, 632 

Rhyolite porphyry, 244 

Rhythmic precipitation, 224 

Richardson, G. B., Note on Appa- 
lachian oil-field brines, 39-41 


Ries, Heinrich, review of book by, 


Ries, H., and Watson, T. L., on mag- 
matic waters, 490 

Rock openings, 436 

Rocky Mountains, peneplanation in, 
542, 545 

Rogers, A. F., on copper deposits at 
Engels, Cal., 2; on covellite, 330; 
on the cause of intergrowths, 314; 
on upward secondary enrichment, : 

Rogers, A. F., with Tolman, C. 
Jr., review of paper by, 632. 

Rogers, G. S., The interpretation of 
water analyses by the geologist, 
56-88; review by, 480 

Rosenbusch, H., on contact meta- 
morphism, 151; on hornfels, 669 

Rothwell, R. P., on professional 
ethics, 106 

Rove slate, 666 

Royalty on coal, 48 


Safflorite, 215, 233 

St. Clair, Stuart, on genesis of Sud- 
bury ores, 565 

Salt, in salt domes, 584 

Salt domes, Isthmus of Tehuantepec, 


585 
Salt Lake oil field, sand from, 450 
Salt lakes, 592 
Salts of silver, The halogen, at Won- 
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